Bimetallic aerogels for electrocatalytic applications by Kühn, Laura
Bimetallic aerogels for
electrocatalytic applications
DISSERTATION
zur Erlangung des akademischen Grades
Doctor rerum naturalium
(Dr. rer. nat.)
vorgelegt
der Fakultät Mathematik und Naturwissenschaften
der Technischen Universität Dresden
von
M.Sc. Laura Kühn
geboren am 26. Mai 1989 in Aschersleben
Eingereicht am 05.04.2017.
Verteidigt am 29.05.2017.
Gutachter: Prof. Dr. Alexander Eychmüller
Prof. Dr. Thomas Justus Schmidt
Die Dissertation wurde in der Zeit von Februar 2014 bis April 2017 am Institut für
Physikalische Chemie angefertigt.

Fakultät Mathematik und Naturwissenschaften
Physikalische Chemie
Bimetallic aerogels for electrocatalytic applications
Dissertation
Laura Kühn
Abstract
Polymer electrolyte fuel cells (PEFCs) have emerged as a promising renewable
emission-free technology to solve the worldwide increasing demand for clean and
efﬁcient energy conversion. Despite large efforts in academia and automotive
industry, the commercialization of PEFC vehicles still remains a great challenge.
Critical issues are high material costs, insufﬁcient catalytic activity as well as long-
term durability. Especially due to the sluggish kinetics of the oxygen reduction
reaction (ORR), high Pt loadings on the cathode are still necessary which leads to
elevated costs.
Alloys of Pt with other less precious metals (Co, Ni, Fe, Cu, etc.) show im-
proved ORR activities compared to pure Pt catalysts. However, state-of-the-art
carbon-supported catalysts suffer from severe Pt and carbon corrosion during the
standard operation of PEFCs, affecting their reliability and long-term efﬁciency.
Multimetallic aerogels constitute excellent candidates to overcome these issues.
Due to their large open pores and high inner surface areas combined with elec-
trical conductivity, they are ideal for applications in electrocatalysis. In addition,
they can be employed without any catalyst support. Therefore, the fabrication of
bimetallic Pt-M (M=Ni, Cu, Co, Fe) aerogels for applications in fuel cell catalysis
was the focus of this thesis.
Based on a previously published synthesis for Pt–Pd aerogels, a facile one-step
procedure at ambient conditions in aqueous solution was developed. Bimetallic
aerogels with nanochain diameters of as small as 4nm and Brunauer-Emmett-
Teller (BET) surface areas of up to 60m2 g−1 could be obtained.
Extensive structure analysis of Pt–Ni and Pt–Cu aerogels by powder X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy
(XAS), scanning transmission electron microscopy coupled with energy-dispersive
X-ray spectroscopy (STEM-EDX) and electrochemical techniques showed that
both metals were predominantly present in their metallic state and formed ho-
mogeneous alloys. However, metal (hydr)oxide byproducts were observed in
aerogels with higher contents of non-precious metal (>25%). Moreover, elec-
tronic and geometric structures were similar to those of carbon-supported Pt alloy
catalysts.
As a result, ORR activites were comparable, too. A threefold improvement in
surface-speciﬁc activity over Pt/C catalysts was achieved. The mass-speciﬁc
activites met or exceeded the U.S. Department of Energy (DOE) target for automo-
tive PEFC applications. Furthermore, a direct correlation between non-precious
metal content in the alloy and ORR activity was discovered. Aerogels with non-
precious metal contents >25% turned out to be susceptible to dealloying in acid
leaching experiments, but there was no indication for the formation of extended
surface structures like Pt-skeletons.
A Pt3Ni aerogel was successfully employed as the cathode catalyst layer in a
differential fuel cell (1 cm2), which is a crucial step towards technical application.
This was the ﬁrst time an unsupported metallic aerogel was implemented in a
PEFC. Accelerated stress tests that are usually applied to investigate the support
stability of fuel cell catalysts revealed the excellent stability of Pt3Ni alloyed
aerogels. In summary, the Pt alloy aerogels prepared in the context of this work
have proven to be highly active oxygen reduction catalysts with remarkable
stability.
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Challenges and perspectives in
catalyst development for polymer
electrolyte fuel cells
The worldwide primary energy consumption reached 109613TWh in 20141 and is
estimated to increase by 30% until 2040.2 In order to meet this demand without
causing severe ecological consequences, new technologies have to be developed.
Polymer electrolyte fuel cells (PEFCs) have emerged as a promising renewable
emission-free technology to solve the worldwide increasing demand for clean and
efﬁcient energy conversion.
In a typical PEFC, hydrogen is electrochemically oxidized at the anode, the
produced protons are transported through the membrane to the cathode where
they form water with electrochemically reduced oxygen:
anode : H2 ⇀↽ 2H+ + 2e− (1.1)
cathode : O2 + 4H+ + 4e− ⇀↽ 2H2O (1.2)
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Despite large efforts in academia and automotive industry, the commercialization
of PEFC vehicles still remains a great challenge. Critical issues are high material
costs, insufﬁcient catalytic activity as well as long-term durability. Especially
due to the sluggish kinetics of the oxygen reduction reaction (ORR), high Pt
loadings on the cathode are still necessary which leads to elevated costs.3 To
achieve the targets of activity and cost for the implementation of PEFC vehicles
proposed by several international organizations such as Fuel Cells and Hydrogen
Joint Undertaking, Europe, and the U.S. Department of Energy (DOE), the Pt-
mass-based ORR activity must be increased by at least a factor of four compared
to pure state-of-the-art Pt catalysts.4 Moreover, commercial carbon-supported
Pt/C catalysts suffer from severe Pt and carbon corrosion during the standard
operation of PEFCs, affecting their reliability and long-term efﬁciency.5
1.1. Metal aerogels – a novel material class for
electrocatalytic applications
Aerogels, a unique class of inorganic materials with extremely low densities, large
open pores and high inner surface areas, are ideal candidates for applications
in catalysis. They combine the speciﬁc properties of nanomaterials with those
of macroscale self-assembly. Despite the long history of aerogels, up to now,
only a limited number of unsupported metallic aerogels have been reported. For
instance, Leventis et al. prepared metal aerogels (including Fe, Co, Ni and Cu) by
nano-smelting of hybrid polymer/metal oxide aerogels.6,7 Bigall et al. established
the synthesis of non-supported monometallic (Pt, Au and Ag) and bimetallic (PtAg
and AuAg) hydrogels/aerogels based on the directed destabilization of preformed
citrate-stabilized monometallic nanoparticles.8 Liu et al. described a facile and
spontaneous one-step gelation method for the synthesis of Pd hydrogels/aerogels
via the reduction of K2PdCl4 metal precursor salt in the presence of different
cyclodextrins.9 As an extension of this work, pure Pt, Pd and bimetallic PtxPd1–x
hydrogels/aerogels with various atomic ratios and clean surfaces have been
fabricated by this one-step gelation method via the reduction of corresponding
metal precursors without addition of stabilizers.10,11
To avoid surface tension or capillary pressure generated during the typical drying
processes, supercritical drying conditions are used for the transformation of
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hydrogels into aerogels. It allows the gel to be dried with very little shrinkage
and the gel matrix network to remain nearly intact, and in turn lead to higher
surface areas.
Moreover, the reactivity and selectivity of metallic aerogels were tested for
different electrochemical reactions, in particular for the oxygen reduction reaction
and electrooxidation of small organic alcohols. First results revealed that the
cyclodextrin-modiﬁed Pd aerogels exhibit excellent catalytic performance in the
electrooxidation of ethanol and good long-term durability.9 With the very close
(a) (b)
(c)
Figure 1.1.: Metal aerogels are ideal candidates for catalytic applications due to their
large open pore structure, illustrated by a scanning electron microscopy
(SEM) image of a Pt50Pd50 aerogel (a) and a transmission electron
microscopy (TEM) image of a Pt20Pd80 aerogel. Electrocatalytic tests have
shown the excellent activity of Pt–Pd aerogels towards ORR (c). Images (a)
and (c) are reprinted with permission from Reference 10. Copyright 2013,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Image (b) is reprinted
from Reference 12. Published by the PCCP Owner Societies.
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cooperation and efforts from the research groups of Prof. A. Eychmüller (TU
Dresden) and Prof. T. J. Schmidt (Paul Scherrer Institute, Switzerland), ﬁrst
electrocatalytic investigations on PtxPd1–x aerogels for the oxygen reduction
reaction were carried out. It is highlighted, that the PtxPd1–x aerogels show
outstanding ORR activities combined with good stability under strongly corrosive
conditions.10,11 The mass-speciﬁc activity increased about ﬁve times for aerogels
compared to that of the commercial Pt/C benchmark catalyst. Based on these ﬁrst
electrochemical results and their structural properties like high surface area, high
porosity and high corrosion resistance, metallic aerogels are a new promising
generation of ORR electrocatalysts. They have emerged as a promising paradigm
to meet and exceed the required targets of activity and durability in particular for
the automotive industry.
1.2. Pt alloys as cathode catalysts in polymer
electrolyte fuel cells
The alloying of Pt with other less precious metals is a common approach to design
highly active electrocatalysts with reduced cost. In particular, Pt–M (M=Pd,
Co, Ni, Fe, Cu, etc.) bimetallic electrocatalysts show improved ORR activities
compared to the state-of-the-art pure Pt catalysts.5,13,14 Adsorption energies of
O2 and oxygenated species (OH) as well as the dissociation energy of oxygen
molecules strongly inﬂuence the catalytic activity of Pt towards ORR. They depend
on the Pt–Pt interatomic distances and vacancies in the Pt 5d-band. The addition
of non-precious metals like Ni, Co or Fe increase the number of d-band vacancies
enhancing the donation of 2p electrons from O2 molecules. This, in turn, leads to
an increased O2 coverage of the catalyst surface and weakens the O–O bond.
5
The catalytic properties of Pt-based electrocatalysts can be further enhanced by
post-synthetic treatment creating extended surface structures (Figure 1.2a). A
very impressive example was demonstrated by Stamenkovic et al.15 Annealing of
Pt3Ni (111) single crystals led to a particular "Pt-skin" surface structure, where
the surface layer consisted of pure Pt and the subsurface layers oscillated around
the bulk composition of the alloy (i.e. second layer Pt-depleted, third layer Pt-rich).
This peculiar electronic structure shifts the energy of the d-band centre of the
alloy decreasing the adsorbtion energy of spectator species, thereby reducing
4
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(a)
(b)
Figure 1.2.: Extended surface structures such as a Pt-skeleton or Pt-skin can enhance
the catalytic properties of Pt alloys. They can be created by a combination
of dealloying and annealing (a). Another method to obtain thin Pt surface
layers is the galvanic replacement of underpotential-deposited Cu
monolayers on various metal nanoparticles (b). Image (a) is reprinted with
permission from Reference 17. Copyright 2011, American Chemical
Society. Image (b) is reprinted with permission from Reference 18.
Copyright 2005, American Chemical Society.
the surface coverage by the latter.16 This Pt3Ni (111) surface showed a tenfold
improvement of ORR activity over the corresponding Pt (111) surface and even a
90-fold improvement over Pt/C.
Another method to fabricate Pt-based catalysts with extended surface areas is
chemical or electrochemical dealloying of non-noble metals from the surface of
uniform bimetallic Pt alloys.17,19–21 Leaching the non-noble metal from the alloy
creates a porous Pt-rich surface, a so-called "Pt-skeleton", which results in a
core–shell structure after annealing. Compressive lattice strain in this Pt shell
(reduced interatomic Pt–Pt distances) shifts the electronic structure of Pt lowering
adsorption of OH. Four- to sixfold surface-speciﬁc activity enhancements were
achieved in this manner.
Furthermore, Zhang et al. deposited Pt monolayers on the surface of nanoparticles
with various compositions (Figure 1.2b).18 They started from Ni–Au and Co–Pd
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alloy nanoparticles which formed core–shell structures with the more noble
element on the surface upon thermal annealing. Subsequently, a Cu monolayer
was deposited by underpotential deposition. This layer was then displaced by Pt
via a galvanic replacement reaction. Mass-speciﬁc activity enhancements of up to
a factor of ten compared to Pt/C were achieved.
Despite these superiorities, there still exist some critical characteristics. Firstly,
the synthesis of Pt–M bimetallic catalysts often requires complicated or harsh
conditions and upscaling to industrial production still remains a challenge. In
addition, the reported Pt bimetallic or multimetallic electrocatalysts are mostly
in the form of nanoparticles supported on high-surface-area carbon, only few
reports demonstrate the fabrication and the corresponding electrochemical study
on unsupported network-like Pt–M alloys.4,14,22
In contrast to that, multimetallic hydrogels can be produced via simple routes in
aqueous solution at moderate conditions (ambient pressure, <100 ◦C). Moreover,
their network structure is self-supporting, i.e. there is no need to employ carbon
supports.
1.3. Carbon support stability and alternative
approaches
One of the main issues impeding commercialization of PEFCs is the lack of
support stability of state-of-the-art Pt/C catalysts. The widely employed high-
surface-area carbons are thermodynamically unstable at operation potentials and
suffer especially at high potentials from severe corrosion.5 Therefore, research
focuses on the development of alternative support materials and unsupported
catalysts.
Amongst alternative support materials, nanostructured thin ﬁlms (NSTFs) have
gained considerable attention. Crystalline organic whiskers, around 1μm tall
with a cross section of 30nm× 55nm, serve as a support for sputter-coated
catalyst thin ﬁlms (Figure 1.3a).4,5 NSTF catalysts show high surface-speciﬁc
ORR activities and high thermal, chemical as well as electrochemical stability.
Moreover, electrodes are up to 20 times thinner compared to Pt/C electrodes with
same Pt loadings facilitating mass transport. In addition, NSTFs can be produced
6
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(a) (b) (c)
Figure 1.3.: SEM image of a Pt3Ni7 NSTF (a). TEM image of Pt nanoparticles on a
Sb SnO2 support. Both approaches pose alternatives to carbon-supported
catalysts. Pt-coated nanowires entirely omit the support (c). Image (a) is
adapted with permission from Reference 23. Copyright 2011, The
Electrochemical Society. Image (b) is reprinted with permission from
Reference 24. Copyright 2015, The Electrochemical Society. Image (c) is
adapted with permission from Reference 25. Copyright 2014, American
Chemical Society.
at large scale. However, a major drawback for their use in PEFCs is their low
electrochemically active surface area (ECSA) compared to Pt/C.
Another promising class of support materials are conductive metal oxides (Fig-
ure 1.3b). Studies on Pt nanoparticles supported by antimony-doped tin oxide
(ATO, Sb SnO2)
26 and IrO2 TiO2
27 revealed their remarkable corrosion resis-
tance while observed activies were similar to Pt/C. Moreover, they indicated that
strong catalyst-support interactions inﬂuence the adsorption behavior of spectator
species and the oxidation state of the metal catalyst advantageously for ORR.
However, ECSA determination of Pt catalysts is not trivial due to pronounced
redox features from the support.28 Another issue is the segregation and dissolu-
tion of dopant atoms, which are essential for conductivity, during annealing and
potential cycling.26
One approach to entirely avoid support corrosion is to eliminate the support.
Few materials have been considered as ORR catalysts, amongst them porous
metal membranes, Pt (alloy) blacks and Pt-coated nanowires.4 The porous ﬁlms
are usually obtained by vacuum deposition, electrodeposition or laser deposition.
Therefore, their large-scale production is not viable. Pt (alloy) blacks on the other
hand, usually have too low surface areas. Pt-coated nanowires were produced
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by Alia et al. by galvanic replacement of Ni, Co and Cu nanowires (Figure
1.3c).25,29,30 Nanowires with diameters between 100 and 300nm and lengths
from 25 to 200μm were obtained. Good mass-speciﬁc ORR activities reaching up
to 917AgPt−1 (two times the DOE target) could be achieved for low Pt contents
(<20wt.% Pt).
Metallic aerogels, on the other hand, have large surface areas due to their
high porosity and small nanochain diameters.31 Moreover, excellent electrical
conductivity ensures fast charge transfer indispensable in a fuel cell.31 These
properties and their self-supporting nature turns the use of any support material
redundant. Therefore, metallic aerogels are perfect candidates to avoid support
corrosion in PEFCs.
1.4. Scope of this thesis
As pointed out above, there is a lack of catalysts exploiting the high catalytic
activity of surface-extended Pt alloys and addressing the issue of poor support
stability at the same time. In order to close the existing gap, multimetallic
aerogels provide a new generation of ORR electrocatalysts with considerable
reactivity and (electro)chemical stability. They can be produced from a wide range
of metal combinations and can be used as unsupported catalysts. Therefore, the
fabrication of Pt–M (M=Ni, Cu, Co, Fe) aerogels with extended surface areas for
applications in fuel cell catalysis will be the focus of this thesis.
The single steps of my PhD research project are lined out in Figure 1.4. Firstly,
new unsupported metallic aerogels consisting of bimetallic Pt–M (M=Ni, Cu, Co,
Fe) nanoparticles connected in a long-range three-dimensional network structure
were designed and synthesized. The synthetic approach, the inﬂuence of sev-
eral synthesis parameters and optimized results are elaborated in Chapter 2. A
detailed structural analysis of the aerogels with special focus on elemental distri-
bution, degree of alloying and surface composition was conducted with the help
of several complementing techniques. The insights from powder X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy
(XAS), cyclovoltammetry (CV), and scanning transmission electron microscopy
coupled with energy-dispersive X-ray spectroscopy (STEM-EDX) are discussed in
Chapter 3. In combination with ORR activity tests employing the rotating disk
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electrode (RDE) technique on thin ﬁlm electrodes of as-synthesized (Section 4.1)
and dealloyed Pt–M aerogels (Section 4.2), structure-composition-reactivity re-
lationships for the electrochemical ORR were established. Finally, ﬁrst tests
of membrane electrode assemblys (MEAs) containing Pt3Ni aerogel as cathode
catalyst in a differential PEFC were conducted to study the long-term durability
and chemical stability under strongly corrosive conditions (Section 4.3).
Figure 1.4.: Overview of the topics studied in this thesis.
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2
Preparation of Pt–M
(M=Ni, Cu, Co, Fe) aerogels*
2.1. Synthesis strategy
A schematic overview of an aerogel synthesis is depicted in Figure 2.1. Multimetal-
lic aerogels can be prepared via two different approaches – a two-step process
involving the gelation of preformed nanoparticles and a concerted one-step pro-
cess including formation of nanoparticles and spontaneous in-situ gelation.34
Figure 2.1.: Metal hydrogels can be synthesized by controlled destabilization of
nanoparticle solutions or by co-reduction of metal salts coupled with
sponatenous gelation. Aerogels are obtained by supercritical drying.
*Parts of this chapter have already been published.32,33
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In the two-step synthesis, metallic nanoparticles are prepared by the reduction of
metal precursors with NaBH4. The use of ligands such as citrate yields stable par-
ticles. The metallic building blocks can be further modiﬁed by galvanic exchange
to obtain hollow structures.35,36 Subsequently, the particles are concentrated
with polystyrene centrifuge ﬁlters or a rotary evaporator. Gelation occurs upon
settling of concentrated sols at room or elevated temperature,31,36 addition of
destabilizers such as ethanol or H2O2
8,35 or the addition of metal ions such as
Ag+ or Ca2+.37
The one-step method combines both the nanoparticle formation and the gelation
in a single step. Metal precursors are reduced with NaBH4 without the addi-
tion of further stabilizers. The resulting particles are temporarily stabilized by
BH –4 ions.
38 Due to the instability of BH –4 in aqueous solutions, gelation occurs
spontaneously. This approach usually yields spherical particles10 and allows
additional functionalization of the particle surface.9
Even though the two-step synthesis allows a precise control over morphology
and size of the building blocks of the aerogel, I opted for the single-step gelation
for the preparation of Pt–M aerogels. The latter does not require the use of
stabilizers which can block the surface of the catalyst. Moreover, it is a very facile
approach.
The synthesis procedure is based on the protocol by Liu et al. for the preparation
of PtxPd1–x aerogels.
10 It is a simple co-reduction route in aqueous solution under
ambient conditions (room temperature, air). Brieﬂy, the metal precursors were
dissolved in the desired ratio in water and reduced by NaBH4.
The standard total metal concentration in the reaction solution was 0.2mM. A
0.1M NaBH4 solution was freshly prepared and injected under vigorous stirring
in a ﬁxed ratio towards the valencies of the metal ions in solution Me+. The
nBH−4 : nMe+ ratio was varied from 0.5 to 2. Upon addition of the reducing agent,
the color of the solution turned immediately from light yellow to dark brown and
gas evolution was observed. The solution was kept stirring for another 30min.
Afterwards, the reaction solution was divided and transferred to 100mL vials.
After several days, black hydrogel formed at the bottom of the containers. The
hydrogel parts obtained from the same synthesis were collected in a small vial and
washed with water. For this, half of the supernatant was removed and replaced
cautiously with fresh water. This step was repeated six times. Afterwards, the
solvent was exchanged stepwise with acetone. Again, half of the supernatant was
12
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removed and replaced by acetone. This step was repeated 11 times. The resulting
anhydrous gels were transferred to a critical point dryer operating with CO2 to
obtain aerogels.
2.2. Optimization of synthesis parameters†
The aim of the synthesis is to obtain well-connected, highly porous aerogels
with small (3–5nm) nanochain diameters and a high degree of alloying. As
NaBH4 serves as reducing agent as well as stabilizer, and due to the hydrolysis of
NaBH4, the control of aerogel formation via the single-step pathway is challenging.
Upon addition of the reducing agent to the reaction solution, the reduction
of Pt and M (M=Ni, Cu, Co, Fe) ions (Eqs. 2.1,2.2) is competing against the
decomposition of NaBH4 itself (Eq. 2.3), which turns the use of excess reducing
agent indispensable.
8
n− 2 [PtCln]
2− + BH−4 + 3H2O →
8
n− 2Pt+ B(OH)3 + 7H
+ +
8n
n− 2Cl
− (2.1)
8
z
Mz+ + BH−4 + 3H2O →
8
z
M+ B(OH)3 + 7H+ (2.2)
BH−4 + H
+ + 3H2O → B(OH)3 + 4H2 (2.3)
The hydrolysis of NaBH4 follows a complex reaction mechanism which is not
fully understood until today.39,40 The rate of NaBH4 decomposition as well as
its reducing power is strongly dependent on pH. Moreover, hydrolysis of NaBH4
increases pH so that the reaction rate decreases in the course of the reaction
in unbuffered solutions. In addition, the metal nuclei formed during reduction
catalyze the hydrolysis of borohydride.40 Therefore, the exhaustive optimization
of all reaction parameters is a time-consuming task which cannot be completed
in a single PhD thesis. As a result, this section is limited to determining which
parameters have a signiﬁcant inﬂuence and to uncovering some general trends.
†TEM images were taken by M. Werheid, D. Haubold, G. Beier, A.-K. Herrmann, L. Sonntag and
S. Goldberg (all Physical Chemistry, TU Dresden). Nitrogen physisorption measurements at
Pt3Ni and Pt1.5Ni aerogels were performed by M. Adam (Inorganic Chemistry, TU Dresden).
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2.2.1. Non-precious metal content
In a ﬁrst experiment, it was tested how the non-precious metal content in the
reaction mixture would affect the hydrogel formation. Therefore, the composition
of various Pt–Ni hydrogels (all synthesized with H2PtCl6 and NiCl ·6H2O as metal
precursors) was analyzed by inductively coupled plasma optical emission spec-
troscopy (ICP-OES) and compared to the initial precursor ratio (Figure 2.2d). The
composition of the bimetallic hydrogels could be tuned by the ratio of metal pre-
cursors. However, the ﬁnal Ni content of hydrogels synthesized with a nBH−4 : nMe+
ratio of 0.75 and more than 20at.% Ni (empty circles in Figure 2.2d) was lower
than the amount employed in the synthesis. The values seem to converge to a Ni
content of 30at.% indicating an incomplete reduction of the non-precious metal.
Therefore, the amount of reducing agent was increased to nBH−4 : nMe+=1.25. The
Ni content in the ﬁnal hydrogels could be signiﬁcantly increased, but the issue of
diverging Pt:Ni ratios in the reaction mixture and the ﬁnal product remained for
xNi(synthesis) >30at.%.
To evaluate the impact of non-precious metal content on the gel morphology, TEM
images of Pt–Ni hydrogels synthesized from Pt:Ni precursor ratios of 3:1, 1:1 and
3:7 (nBH−4 : nMe+=1.25) were taken (Figures 2.2a to 2.2c). All metal ratios resulted
in gel structures with similar morphologies and nanochain diameters. Hydrogels
with high Ni contents (Pt:Ni=1:9) could not be obtained as precipitates were
formed. These observations point towards a limitation of this synthetic approach
in terms of non-precious metal content. Therefore, further investigations focused
on the two Pt:M precursor ratios 3:1 and 1:1.
2.2.2. Ratio of reducing agent to metal ions
As already pointed out above, the amount of reducing agent in relation to the
metal concentration is a decisive factor in the synthesis of bimetallic Pt–M hydro-
gels. Due to the side reactions of borohydride, a large excess of NaBH4 is usually
needed to completely reduce the metal salts. Moreover, studies on Ag nanopar-
ticle formation by NaBH4 reduction showed that a certain minimal borohydride
concentration is necessary to obtain colloidal solutions as BH –4 ions adsorb on the
particle surface and stabilize the latter electrostatically.38,41
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Figure 2.2.: TEM images of Pt–Ni gels syntesized from Pt:Ni precursor ratios of 3:1 (a),
1:1(b) and 3:7 (c) show similar morphologies and nanochain diameters
(~5nm). The composition of Pt–Ni hydrogels can be tuned by the ratio of
metal precursors, but the amount of Ni in the ﬁnal gel is limited as shown
by ICP-OES analysis (d).
To illustrate the impact of reducing agent concentration, properties of Pt3Ni
hydrogels synthesized with various nBH−4 : nMe+ ratios are depicted in Figure 2.3.
The Ni content Ni of the resulting hydrogels as determined by ICP-OES increased
for raising NaBH4 contents until it reached the amount that was employed in
the synthesis, i.e. the lower ratios do not manage to reduce all metal ions in
solution. On the other hand, higher nBH−4 : nMe+ ratios of the tested range
resulted sometimes in stable colloidal solutions, indicating that larger amounts of
borohydride ions remain in solution.
The inﬂuence on primary particle morphology and size was evaluated from TEM
images (Figure 2.3). The Pt3Ni gels with nBH−4 : nMe+ ≤1.0 showed irregular
particle shapes with larger nanochain diameters of ~10nm (Figure 2.3a) whereas
the Pt3Ni gels obtained with higher amounts of reducing agent had a relatively
smooth surface with nanochain diameters of 5–6nm (Figure 2.3b).
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Figure 2.3.: TEM images of Pt3Ni hydrogels synthesized with nBH−4 : nMe+ ratios of 0.75
(a) and 1.25 (b). The gels obtained with low amounts of NaBH4 have
nanochain diameters of 10nm as opposed to 5nm for higher
concentrations. ICP-OES measurements showed that a minimum amount of
NaBH4 is necessary to reduce all Ni salts in solution.
2.2.3. Platinum precursor
Three different platinum precursors were tested for a PtNi hydrogel synthesis:
H2PtCl6, K2PtCl4, K2PtCl6. A change in reduction behavior between [PtCl6]
2– and
[PtCl4]
2– can be expected due to their difference in standard redox potential.
Comparison of K2PtCl4 and K2PtCl6 can exclude pH effects. In all syntheses, the
nBH−4 : nMe+ ratio was kept constant at 1.25. TEM images of the resulting gels are
shown in Figure 2.4.
All Pt salts could be used to obtain hydrogels. However, the use of divalent Pt
resulted in much larger nanochain diameters of 20–50nm as opposed to 5–6nm
for tetravalent Pt. Moreover, seemingly hollow spheres were observed indicating
16
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(a) H2PtCl6 (b) K2PtCl4 (c) K2PtCl6
Figure 2.4.: TEM images of PtNi hydrogels synthesized with H2PtCl6 (a), K2PtCl4 (b)
and K2PtCl6 (c). Nanochain diameters for tetravalent Pt precursors are
5–6nm, whereas the use of divalent Pt results in solid and hollow spheres
with diameters of 20–50nm as building blocks.
a change in particle formation mechanism. This variation is probably not only
caused by the difference in redox potential, but also by the different absolute
concentrations of reducing agent. The formation mechanism of the hollow spheres
will be investigated in Section 3.6.1. Similar hollow structures were observed for
the Pt–Co system, but not for Pt–Cu. The change in reaction mechanism probably
does not occurr in the latter case due to the much smaller difference in redox
potential of Cu compared to Pt.
The primary particles of the hydrogels formed from H2PtCl6 and K2PtCl6 are very
similar. However, the difference in pH seems to have an impact on the aggregation
behavior and hence the porosity of the hydrogels. This effect will be analyzed
below.
2.2.4. pH
As pointed out above, the hydrolysis of NaBH4 is pH-dependent. The rate of
decomposition strongly increases at low pH values. Moreover, the redox potential
of (BH –4 /B(OH)3) becomes more negative at higher pH so that metal reduction is
thermodynamically more likely. Then again, the acid-base equilibrium of B(OH)3
changes, too. To see what overall effects this has on the hydrogel formation, the
pH values of the aqueous salt solutions of Pt3Ni syntheses were measured with a
pH glass electrode and adjusted by KOH or HCl before the addition of the reducing
agent to the reaction solution. The resulting hydrogels were characterized by
TEM and ICP-OES (Figure 2.5).
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Figure 2.5.: TEM images of Pt3Ni gels synthesized at pH 2.1 (a), 3.5 (b) and 5.0 (c) of
the metal salt solution before addition of NaBH4. At low pH compared to
the synthesis without adjustment (ph 3.5), the nanochain surface is less
smooth, the diameter is slightly larger and Ni content is low as determined
by ICP-OES (d). Neutral pH leads to aggregation and alkaline media yield
only precipitates.
A typical synthesis of Pt3Ni hydrogel with H2PtCl6 and NiCl2 ·6H2O as metal
precursors starts at pH3.5. Porous hydrogels were also obtained for pH2.1 and
5.0, whereas lower and higher pH values yielded non-porous precipates. Low pH
resulted in a low Ni content as hydrolysis of NaBH4 is much faster than the metal
reduction. Moreover, the nanochain diameter at pH2.1 was slightly larger and
particle surface was less smooth. The primary particles formed at pH3.5 and 5.0
looked alike, but at higher pH values, the hydrogel was rather composed of small
aggregates than elongated single nanoparticle chains.
In conclusion, the pH value is a crucial parameter to control the gel formation.
The latter is only feasible in slightly acidic media. At low pH, the decomposition
of NaBH4 is too fast to ensure temporary particle stabilization. On the other
hand, NaBH4 hydrolysis is slow in alkaline solution, so that elevated borohydride
18
2.2 Optimization of synthesis parameters
(a) 0.2mM (b) 2mM (c) 20mM
10-4 10-3 10-2
0.10
0.15
0.20
0.25
c
Me
/molL-1
x
N
i(I
C
P
-O
E
S
)
x
Ni
(synthesis)
(d)
Figure 2.6.: TEM images of Pt3Ni gels synthesized at metal concentrations of 0.2mM
(a), 2mM (b) and 20mM (c). First changes in primary particle shape can be
observed at 2mM and even higher concentrations yield non-porous
structures. ICP-OES analysis (d) reveals that Ni content remains constant
with the exception of 20mM.
concentrations might induce aggregation as it has been observed for citrate-
stabilized Au nanoparticles.42
2.2.5. Ionic strength
The ionic strength is known to be a decisive factor for the colloidal stability of
nanoparticles stabilized by electrostatic repulsion of charged ligand molecules.
An increase in ionic strength diminishes the electrostatic repulsion so that it can
be used to induce aggregation and gelation of stable nanoparticles.42,43 Moreover,
ionic strength has been observed to affect particle size in noble metal nanoparticle
synthesis.44,45
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Figure 2.7.: TEM images of PtCu gels synthesized at metal concentrations of 0.2mM (a),
2mM (b) and 20mM (c). An increase in metal concentration by one order
of magnitude apparently has no effect on gel morpholgy, but higher
concentrations yield larger aggregates. ICP-OES analysis (d) reveals that
Cu content remains relatively constant.
In order to test the inﬂuence of the ionic strength on the gel formation, the
concentration of all reagents (metal salts and reducing agent) of a Pt3Ni and
a PtCu synthesis were increased, i.e. the nBH−4 : nMe+ ratio was kept constant.
An acceleration of the gelation process could be observed with an increase in
concentration. However, it is not clear whether this is caused by the higher ionic
strength or the reduced mean free path between particles. TEM images and
analysis results from ICP-OES are depicted in Figures 2.6 and 2.7.
When the Pt3Ni synthesis concentration was increased by one order of magnitude
(cMe=2mM), highly porous aerogels with thin nanochains were formed. The Ni
content and the nanochain diameter remained unaffected, whereas the morphol-
ogy of the primary particles changed slightly; non-spherical shapes were observed.
Increase of the concentration by two orders of magnitude (cMe=20mM) lead to
the formation of large non-porous structures.
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To the contrary, the PtCu synthesis appeared to be insensitive to an increase of
the concentration by one order of magnitude. However, a metal concentration of
20mM lead to larger aggregates. Similar behavior was observed for Pt3Cu (not
shown here).
In conclusion, the ionic strength of the reaction solution has an inﬂuence on the
particle formation as well as on the aggregation. It may be increased by up to
one order of magnitude without major changes. However, each system reacts to a
different extent, so that the inﬂuence of ionic strength has to be tested individually
for each system.
2.2.6. Optimized syntheses
Based on the previous insights, the syntheses for all metal combinations (Pt–Ni, Pt–
Cu, Pt–Co and Pt–Fe) were optimized with regard to metal salts and borohydride-
to-metal ratio. The optimal parameters together with content of the non-precious
metal xM determined from ICP-OES, nanochain diameter measured from TEM
images and surface area assessed from nitrogen physisorption measurements of
the corresponding aerogel are listed in Table 2.1.
gel Pt salt cPt/mM M salt cM/mM
nBH−4
nMe+
xM
ICP-
OES
d/nm
TEM
A/m2 g−1
BET
Pt3Ni H2PtCl6 0.15 NiCl2 · 6H2O 0.05 1.25 0.25 5.6±1.2 50
Pt1.5Ni H2PtCl6 0.1 NiCl2 · 6H2O 0.1 1.25 0.4 5.5±1.1 49
PtNi–K4 K2PtCl4 0.1 NiCl2 · 6H2O 0.1 1.25 0.49 20-50 22
Pt3Cu H2PtCl6 0.15 CuCl2 · 2H2O 0.05 1.50 0.25 3.8±1.0 53
PtCu K2PtCl4 0.1 CuCl2 · 2H2O 0.1 1.25 0.50 4.0±1.0 61
Pt3Co H2PtCl6 0.15 Co(NO3)2 · 6H2O 0.05 1.50 0.26 9 29
Pt1.2Co H2PtCl6 0.1 CoCl2 · 6H2O 0.1 1.50 0.44 10 26
Pt3Fe H2PtCl6 0.15 FeSO4 ·7H2O 0.05 1.25 0.25 15-50 –
PtFe H2PtCl6 0.1 FeSO4 ·7H2O 0.1 1.00 0.61 10-100 –
Table 2.1.: Optimized synthesis parameters for various Pt–M gels together with
non-precious metal content xM determined from ICP-OES, average
nanochain diameter d evaluated from TEM images and
Brunauer-Emmett-Teller (BET) surface area A of the corresponding aerogels.
Sample names are based on the composition determined by ICP-OES.
Pt–Ni The synthesis with H2PtCl6 yielded three-dimensional nanochain net-
works with mean diameters of ~5.5nm (TEM, Figures 2.8a to 2.8c). The use
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Figure 2.8.: TEM images of optimized Pt3Ni (a), Pt1.5Ni (b) and PtNi–K4 (c) aerogels.
H2PtCl6 as Pt precursor yields nanochain diameters of 5.5nm, K2PtCl4
20–50nm large, partially hollow building blocks. N2 physisorption (d)
reveals their predominantly macroporous structure with the existence of
some mesopores.
of K2PtCl4 as Pt source (denoted as PtNi–K4) resulted in aerogels formed from
hollow nanospheres and solid nanoparticles with chain diameters between 20 and
50nm.
The surface areas of the aerogels were evaluated from N2 physisorption measure-
ments (Figure 2.8d). All Pt–Ni aerogels showed a type II isotherm with a slight
hysteresis pointing towards mostly macroporous materials with the presence
of some mesopores.46 Speciﬁc surface areas were calculated according to BET
theory. Pt3Ni and Pt1.5Ni had surface areas of 50–60m
2 g−1, whereas PtNi–K4
only had 22m2 g−1, mostly due to the larger nanochain diameter.
Pt–Cu The Pt–Cu aerogels had a network structure very similar to Pt–Ni aerogels,
but the nanochain diameters were smaller (~4nm) and some aggregates were
observed within the network (Figures 2.9a and 2.9b). The PtCu aerogel exhibited
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tabular crystals entangled in the aerogel which could be identiﬁed as CuO by
XRD (cf. Section 3.2). Nitrogen physisorption isotherms indicated a mostly
macroporous structure with surface areas slightly higher than those of the Pt–Ni
aerogels due to the smaller nanochain diameter (Figure 2.9c).
(a) Pt3Cu (b) PtCu
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Figure 2.9.: TEM images of optimized Pt3Cu (a) and PtCu (b) aerogels. Nanochain
diameters were ~4nm, PtCu displays a side product, probably copper oxide.
Both materials exhibit the physisorption behavior (c) of a predominantly
macroporous structure with BET surface areas of 50–60m2 g−1.
Pt–Co The same synthesis protocol can also be transferred to the combination
of Pt and Co. Similar porous aerogels were formed. The smallest nanochain
diameters that could be obtained were 9–10nm (Figures 2.10a and 2.10b). There-
fore, the BET surface areas were below 30m2g-1 while the physisorption behavior
revealed a mostly macroporous structure (Figure 2.10c).
Pt–Fe Iron is by far the least noble metal that was investigated for the co-
reduction with Pt. Therefore, it is expected to be especially difﬁcult to obtain
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Figure 2.10.: TEM images of optimized Pt3Co (a) and Pt1.2Co (b) aerogels show a
structure similar to Pt–Cu and Pt–Ni aerogels with nanochain diameters of
~10nm. The physisorption behavior (c) is predominantly macroporous,
too, with BET surface areas below 30m2g−1.
(a) Pt3Fe (b) PtFe (c) PtFe
Figure 2.11.: TEM images of Pt3Fe (a) and PtFe hydrogels (b,c). Nanochain diameters
varied from 10 to 100nm within the structure. Especially in PtFe, large
amounts of side product can be observed mainly on the surface of the
nanochains, probably Fe(OH)3.
mixed bimetallic gels with small nanochain diameters. Nevertheless, the synthe-
sis protocol yielded similar three-dimensional porous networks. However, the
nanochain diameter varied between 10 and 100nm (Figure 2.11). Especially
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hydrogels with higher Fe contents contained considerable amounts of a yellow
byproduct, probably Fe(OH)3. It was identiﬁed as the low contrast regions of the
nanostructure in TEM images. An aerogel production of Pt–Fe was not further
pursued as surface areas were expected to be even lower than those of Pt–Co
aerogels.
2.3. Conclusion
In summary, a facile synthesis route to prepare Pt–M (M=Ni, Cu, Co, Fe) bimetallic
aerogels at ambient conditions (room temperature, air) was developed. The
approach is based on the co-reduction of metal salts in aqueous solution by NaBH4
followed by spontaneous gelation. The resulting gels form a three-dimensional
nanochain network with a large open pore structure known from noble metal
aerogels. The smallest nanochain diameters that could be achieved were 4nm
(Pt–Cu), 5nm (Pt–Ni), 9nm (Pt–Co) and 15nm (Pt–Fe). This order apparently
follows the galvanic series, i.e. the higher the nobility of the non-precious metal
the smaller the diameter. Physisorption measurements showed that the aerogels
are predominantly macroporous which is advantageous for PEFC applications.
However, the preparation route is limited to Pt-rich compositions and it is difﬁcult
to control the reaction by adjusting a single parameter. Usually other synthesis
parameters are affected due to the complex reaction mechanism in which NaBH4
serves simultaneously as reducing and stabilizing agent and which is charac-
terized by the complicated interplay between metal reduction and borohydride
hydrolysis.
Pt–Ni and Pt–Cu aerogels are the most promising candidates for electrocat-
alytic applications with their small nanochain diameters and BET surface areas
>50m2 g−1. Therefore, the following chapters on structural characterization and
electrocatalysis focus on these two systems.
25
2. Preparation of Pt–M (M=Ni, Cu, Co, Fe) aerogels
26
3. Structural characterization
3
Structural characterization*
It is essential to know the accurate elemental distributions and crystallinities
within multimetallic nanostructures as these parameters strongly inﬂuence their
chemical, catalytic and physical properties. In the past, large efforts have been
made to understand the atomic processes of alloying and segregation at the
nanoscale in order to control the atomic distributions.48–50 Both experimental as
well as computational studies almost exclusively examine single nanoparticles51–54
and thin ﬁlms.55–57 In contrast, many state-of-the-art unsupported metal catalysts
exhibit complex hierarchical nanostructures.58–64 Notably, aerogels have recently
attracted great attention as novel (electro)catalysts.9,10,34,36,37,65–67 Therefore,
the following sections examine to what extent the single-nanoparticle and thin-ﬁlm
studies are applicable to multimetallic aerogels.
*Parts of this chapter have already been published.32,33,47
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3.1. Alloying behavior of bimetallic noble metal
aerogels synthesized by the two-step
approach†‡
Multimetallic aerogels can be easily obtained by self-assembly of monometallic
nanoparticles or by co-reduction of metal salts (cf. Section 2.1). In the two-step
approach, each metal precursor is reduced in separate pots to form monometallic
nanoparticles. Subsequently, the aqueous colloidal solutions are mixed and desta-
bilized at elevated temperatures (ca. 70–90 ◦C) for the initialization of the gelation
process. The initial monometallic particles randomly coalesce and arrange into
nanochains that grow into three-dimensional hydrogel networks.9 At low temper-
atures, the formation and growth process of the hydrogels should mainly result
in a non-alloyed structure. However, interdiffusion, segregation, and surface
diffusion processes between neighboring initial nanoparticles probably cause
a rearrangement of dissimilar atoms. This can lead to the formation of alloys,
core–shell conﬁgurations, or even to the disintegration of nanochain segments.
Knowledge about the atomic redistribution processes occurring in multiparticle
nanostructures is very limited. To ﬁll the knowledge gap, high-resolution micro-
scopic, diffraction, and spectroscopic characterization techniques were applied to
investigate the ﬁne structures and elemental distributions of various bimetallic
aerogels prepared by a two-step gelation process. A comprehensive report about
the preparation of the bimetallic aerogel networks is described elsewhere.31
To obtain a more detailed insight into the alloying behavior of various bimetallic
aerogels, the structures and chemical distributions of 1:1 mixtures of Au–Ag,
Pt–Pd, and Au–Pd were compared. STEM-EDX and XRD were used to investigate
the various aerogels (detailed description of the methods in Sections 3.2 and 3.6,
respectively). The study focused on these bimetallic systems since these element
combinations are highly promising catalysts for electrochemical reactions, such
†Parts of this section have already been published.47
‡XRD measurements and structure modeling by the Rietveld method were performed by M.
Klose and L. Giebeler (Institute for Complex Materials, IFW Dresden). STEM-EDX analysis
was performed by A.-K. Herrmann (Physical Chemistry, TU Dresden) in cooperation with B.
Rutkowski and T. Moskalewicz (International Centre of Electron Microscopy for Materials
Science and Faculty of Metals Engineering and Indstrial Computer Science, AGH University of
Science and Technology Krakow). The research leading to these results has received funding
from the European Union Seventh Framework Programme under Grant Agreement 312483 –
ESTEEM2 (Integrated Infrastructure Initiative–I3).
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as ORR, ethanol oxidation, and CO oxidation, that are of essential interest for
advanced technologies in energy conversion.68–71
Elemental energy-dispersive X-ray spectroscopy (EDX) maps for Au–Ag, Pt–Pd,
and Au–Pd aerogels revealed the distribution of dissimilar atoms and the chemical
homogeneity within the nanochains (Figure 3.1). This method combines the high
spatial resolution of the scanning transmission electron microscopy (STEM) mode
with the reliable elemental anaylsis by EDX. In the case of the Au–Ag aerogels,
both metals showed good mixing over the large three-dimensional aerogel struc-
ture. No monometallic domains were observed after the self-assembly process,
as shown by EDX spot analysis (Figure A.1). This ﬁnding indicates a strong
interdiffusion between the Au and Ag atoms at the particle-particle interface
during the gelation process. The formation of Au–Ag nanoalloys is a well-observed
phenomenon.72–74
Figure 3.1.: Elemental EDX maps of several bimetallic aerogel samples with an atomic
ratio of 1:1. They show strong differences regarding the alloying behavior,
homogeneity, and spatial distribution of different metal atoms within the
various bimetallic aerogel networks. After thermal treatment at 300 ◦C (e,
f), an improved alloy formation was clearly observed for the Au–Pd aerogel
(c, d). Reprinted with permission from Reference 47. Copyright 2016,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
In contrast, Pt–Pd aerogels with an atomic ratio of 1:1 consist predominantly
of separated domains. Especially Pt atoms occur in clusters, whereas Pd was
detected in all structure-stabilizing regions, hence, forming the backbone of the
aerogel structure (Figure A.2). Notably, pure Pd and Pt domains reveal that the
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alloy formation and interdiffusion at the Pt–Pd interface are strongly hindered for
the Pt–Pd system with this atomic ratio. However, diffusion of Pd atoms along
the surface of the nanochains explains the formation of the Pd backbone with
embedded Pt clusters. Tao et al. investigated Pt–Pd nanoparticles in different
atmospheres and found the formation of a Pd shell around a Pt core to be favored
at all conditions.75,76
Bimetallic Au–Pd aerogels exhibit a distinct elemental-distribution behavior com-
pared to the Pt–Pd and Au–Ag aerogels. Separated areas in the size range of
the initial monometallic nanoparticles were preserved after the gel formation. In
addition, a thin layer of Pd seems to enclose the Au-rich clusters throughout the
structure. Pure Pd domains exist in the aerogel, whereas the Au clusters still
contained a certain amount of Pd (Figure A.3). Therefore, it is assumed that Pd
atoms possess a higher mobility compared to Au during the gelation process. It
is noted that the alloy formation and the core–shell conﬁguration could not be
distinguished by STEM-EDX due to the penetration depth of the electron beam.
XRD data combined with Rietveld analysis showed that the pristine Au–Pd aero-
gels largely consist of two phases with lattice parameters of pure Pd and Au
(Figure 3.2a), which excludes a signiﬁcant alloy formation. In contrast, distinction
of separate phases in the systems Pt–Pd and Au–Ag is nearly impossible, as Au and
Ag, as well as Pt and Pd, feature face-centered cubic (fcc) crystal structures with
very similar lattice parameters. Moreover, reﬂections are considerably broadened
due to the small crystallite sizes.
Several simulations claimed that Au atoms in Au–Pd nanoparticles are segregated
at the surface.77–79 In contrast, the formation of Pd shells was observed in several
other experiments.80–82 The Pd segregation could be explained by its high afﬁnity
towards oxygen.78,81,83 Moreover, Mariscal et al. predicted the formation of an
Au–Pd alloy upon the collision of two monometallic clusters.84
To increase the mobility of the involved atoms within the aerogels, thermal
treatment experiments were performed. Rather low temperatures were chosen to
avoid any loss of porosity, since a high temperature treatment can cause a collapse
or agglomeration of the nanochain networks. The investigation of the thermally
treated bimetallic aerogels clearly revealed that the above described observations
are merely momentary snapshots. The equilibrium state had not yet been reached
for some of the as-synthesized bimetallic aerogels. Hence, mild heat treatment
can change the elemental distribution in the bimetallic aerogels. For example,
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Figure 3.2.: XRD pattern of the pristine Au–Pd aerogel (a) with an atomic ratio of 1:1
and after thermal annealing at 300 ◦C. The inset shows the lattice
parameters a and crystallite sizes L of the two phases determined by
Rietveld reﬁnement. The pristine aerogel consists of pure Pd and Au
domains, whereas heat treatment enhances alloying. Adapted with
permission from Reference 47. Copyright 2016, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.
STEM-EDX analysis of a Au–Pd bimetallic network, which was treated for 30min
at 300 ◦C in inert atmosphere, revealed an improved mixing behavior compared
to the pristine aerogel (Figures 3.1, 3.2b and A.4). XRD displayed the formation
of two partially mixed phases; one was enriched with Au, the other with Pd. When
the Au–Pd sample was heated up to 400 ◦C for several hours, a single mixed phase
was observed.31 Schaak et al. have described similar temperature-induced phase
transitions in Au–Pd systems.85
In summary, the combination of different microscopic and spectroscopic tech-
niques drew a coherent picture of the characteristic alloying behavior of various
bimetallic nanostructured aerogels with an atomic ratio of 1:1, which were syn-
thesized by a two-step gelation process at low temperature. Elemental mapping
revealed that only the Au–Ag system exhibits a complete alloy formation in the as-
synthesized state. Unlike Au–Ag, Pt–Pd aerogels formed an unexpected Pd-based
network with embedded Pt particles. The assembly of Au and Pd nanoparticles
even resulted in an unforeseen Pd-shell formation around the Au particles. This
work conﬁrms that bimetallic aerogels are subject to reorganization processes
during their gel formation. The heat treatment revealed that a seemingly stable
elemental distribution is not necessarily the equilibrium state. This behavior
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demonstrates the strong dependence on the kinetic energy introduced into the
system by nanoparticle collision during the gel formation.
In contrast to the previous observations for bimetallic aerogels synthesized by
the two-step approach, the co-reduction of different metals by NaBH4 as it is
employed in the one-step approach should lead to mixed structures. Indeed,
Pd–Pt aerogels obtained by this strategy were alloyed over the entire network.12
However, composition varied strongly across the aerogel.
Although some of the studies on single nanoparticles seem to be applicable to
bimetallic aerogels, it is not yet possible to predict the behavior of different metal
combinations or compositions. Therefore, the composition, alloying behavior
and surface characteristics of Pt–Ni and Pt–Cu aerogels synthesized according
to Chapter 2 were analyzed by a combination of microscopic, spectroscopic and
electrochemical methods.
3.2. Powder X-ray diffraction (XRD)§
XRD is commonly used to obtain information about the crystallinity, lattice pa-
rameters and chemical composition of nanomaterials. Moreover, this method
is capable of distinguishing whether a bimetallic material forms an alloy or is
present in separated phases. A physical mixture of two metals will show the
reﬂections of both individual components, whereas an alloy will only exhibit one
set of reﬂections characteristic for the jointly formed phase.
The results of XRD measurements on Pt–Ni and Pt–Cu aerogels are depicted in
Figure 3.3. All the investigated gels possess an fcc crystal structure characteristic
for Pt. However, the reﬂections are shifted towards higher 2θ values compared to
pure Pt (marked for the 111 reﬂection by the vertical line in the inset) indicating
a lattice contraction. This is caused by, respectively, Ni atoms (atomic radius
ra=125pm) or Cu atoms (ra=128pm) taking lattice sites in the Pt (ra=139pm)
lattice, i.e. forming an alloy. The larger shifts for Pt1.5Ni compared to Pt3Ni and
PtCu compared to Pt3Cu suggest a higher concentration of the non-precious metal
in the alloy phase of the aerogel. PtCu showed an additional reﬂection at 35°
matching the reference for monoclinic CuO. Presumably, this signal was caused
§XRD measurements at Pt3Ni and Pt1.5Ni were performed by S. Henning (Electrochemistry
Laboratory, Paul Scherrer Institut).
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Figure 3.3.: XRD patterns of Pt–Ni (a) and Pt–Cu (b) aerogels. All samples have an fcc
structure similar to Pt but with smaller lattice parameters (i.e. shift towards
higher 2θ values) proving the formation of a single mixed phase. The degree
of alloying can be compared on the basis of e.g. the 111 reﬂections (inset).
PtCu shows an additional reﬂection at 35° matching the reference for CuO.
by the large crystals observed in TEM images (cf. Section 2.2.6) demonstrating
the formation of a copper oxide side phase in PtCu aerogels.
The composition of the alloy phases can be analyzed by Vegard’s law. It describes
the lattice parameter aAB of an ideal solid solution of two components with similar
crystal structure as a linear function of the composition,86,87 i.e. aAB lies between
the values of the pure components:
aAB = (1 − xB)aA + xBaB (3.1)
where aAB is the lattice parameter of the alloy, aA and aB the lattice parameters
of the pure components, and xB the molar fraction of component B. Even though
Vegard’s law is rarely obeyed exactly due to atomic interactions, it serves for
rough estimations, especially since deviations for the investigated systems (Pt–Cu,
Pt–Ni) are rather low.86,88
The average lattice parameter of the alloy was determined from the positions of
the 111 and 220 reﬂections. The nickel content of the alloy phase xNi is 0.21±0.01
for Pt3Ni, 0.28±0.02 for Pt1.5Ni, and 0.15±0.04 for PtNi–K4. The copper content
of the alloy phase xCu is 0.24±0.01 for Pt3Cu and 0.36±0.01 for PtCu. The values
for Pt3Ni and Pt3Cu agree with the ones obtained from ICP-OES. In contrast to
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that, non-precious metals contents of the other alloys are substantially lower than
ICP-OES values, indicating that signiﬁcant amounts of Ni and Cu respectively
are present in a second phase, which is probably a (hydr)oxide. For PtCu, this
byproduct could be identiﬁed as crystalline CuO.
3.3. X-ray photoelectron spectroscopy (XPS)¶
X-ray photoelectron spectroscopy (XPS) is an extremely useful tool to analyze
the composition and above all to determine the chemical state of the elements in
catalyst materials. It is based on photoemission of electrons upon irradiation.89
In a typical experiment, the specimen is irradiated by soft X-rays from either an
Al Kα or a Mg Kα source. When the X-ray photons interact with matter, core level
electrons are ejected. Subsequently, the energy of the emitted photoelectrons is
detected. As the kinetic energy of the photoelectrons depends on the energy of the
incident X-rays, the values have to be converted to binding energies identifying
the electrons with regard to element and atomic energy level. This can be easily
done using Equation (3.2).
EB = hν − Ekin −W (3.2)
where EB is the binding energy of the ejected electron, hν the energy of the X-rays,
Ekin the kinetic energy of the photoelectron andW the spectrometer work function.
All electrons in the material with EB < hν contribute to the spectrum and reﬂect
the electronic structure of the element. Only electrons that reach the detector
without any energy loss constitute the characteristic peaks. Electrons which
suffer from inelastic scattering form the background of the spectrum (Figure
3.4).
XPS is regarded as an area-averaging technique due to its low lateral resolution.
On the other hand, it is a surface-sensitive method as only electrons from the upper
layers of the specimen will be ejected without undergoing inelastic scattering.
However, as the depth of analysis is in the order of a few nanometers, this
method will rather characterize the overall composition of the bimetallic aerogels
¶XPS measurements were performed by S. Henning (Electrochemistry Laboratory, Paul Scherrer
Institut).
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Figure 3.4.: XPS survey spectrum of a PtCu aerogel. The electronic structure of the
elements can be deduced from the characteristic binding energies of the
electrons in the material.
synthesized in Chapter 2 than be able to resolve features of the surface of the
nanochains.
The binding energy of the ejected electron depends on the sorroundings of the
atom. This can be observed in the spectrum as the so-called chemical shift. It is
inﬂuenced by several effects before and after photoemission.89 The most dominant
initial-state effect is caused by charges on the atom induced by neighboring atoms
with a different electronegativity. Final-state effects follow the emission of the
photoelectron, among them the screening of the core hole, the relaxation of
electron orbitals and the polarization of sorrounding ions.
Characteristic features like satellites and multiplets arise from these effects.
Shake-up satellites result when an outgoing electron excites a valence electron,
thereby losing some energy. They usually appear a few eV below (above on the
EB scale) the core level position. Multiplet splitting occurs when the irradiated
atom posseses unpaired electrons in the valence band. Upon photoionization, the
unpaired core level electron can couple with the unpaired electrons in the valence
band creating multiple peaks in the spectrum. Moreover, the photoelectron can
excite plasmons, collective oscillations of electrons in the conduction band of a
metal, causing a discrete energy loss.
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The chemical states of transition metals are challenging to interprete and quan-
tify from metal 2p XPS spectra, as they possess a complex structure including
multiplets, shake-up satellites and plasmon losses.90 At the same time, various
chemical states overlap.
X-ray photoelectron spectroscopy was employed to analyze the oxidation states
of the metals in the bimetallic aerogels. XRD indicated that the non-noble metal
is not completely alloyed with platinum, but forms oxidic byproducts. XPS mea-
surements were performed with a monochromatic Al Kα source (1486.7eV) and
binding energies of the acquired spectra were referenced to the C 1s line at
284.9eV.
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Figure 3.5.: XPS spectra in the Pt 4f region (a), Ni 2p and Cu 2p region (b) of Pt–Ni and
Pt–Cu aerogels. Pt is primarily present in zerovalent state. Pt1.5Ni and PtCu
show merely traces of some oxidized species. The non-precious metal in the
Pt3M aerogels in predominantly metallic, whereas the samples with higher
M content display considerable amounts of oxides and hydroxides.
XPS spectra of Pt3Ni, Pt1.5Ni, Pt3Cu and PtCu aerogels in the Pt 4f region and
the corresponding spectra in the 2p region of the non-noble metal are shown
in Figure 3.5. All samples showed maxima at 71.1eV and 74.4eV matching the
binding energies of the 4f7/2 and 4f5/2 electrons of metallic platinum.91 A minor
shoulder towards higher binding energies for Pt1.5Ni indicates the presence of a
few oxidized Pt atoms, probably at the surface of the aerogel.
Pt3Ni showed a distinct peak at 852.6eV corresponding to the binding energy of
the 2p3/2 electron of metallic Ni.90,92 The signals at higher energies arise from
NiOOH, Ni(OH)2 and NiO and their corresponding satellite structures. Compared
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to Pt3Ni, the peak for Ni
0 in Pt1.5Ni was much weaker indicating that a higher
fraction of the Ni in Pt1.5Ni had been oxidized. Park et al. found similar results
on carbon-supported Pt–Ni nanoparticles of 3–4nm diameter synthesized by a an
aqueous approach comparable to the one used here.93
An analogous behavior was found for Pt–Cu aerogels. The Pt 4f spectrum of
Pt3Cu showed purely metallic platinum whereas the one of PtCu displayed a minor
shoulder created by oxidized Pt. The Cu 2p spectra had distinct peaks at 932.6eV
characteristic for Cu0.89 PtCu exhibited another peak at 934eV. Together with the
shake-up satellite at ~942eV, this is evidence for the presence of a substantial
amount of CuO.89 Pt3Cu only showed negligible amounts of oxidized Cu in its XPS
spectrum. These results are well in accordance with the results from XRD.
3.4. X-ray absorption spectroscopy (XAS)||
X-ray absorption spectroscopy yields bulk-averaged information about the local
electronic and geometric structure of a material. When matter is irradiated with
hard X-rays, part of the beam is absorbed. The absorption follows the Lambert–
Beer law:
μx = lg
I0
I
(3.3)
where μ is the absorption coefﬁcient, x the sample thickness, I0 the intensity of
the incident beam, and I the intensity of the transmitted beam.
Upon absorption, the photoelectric effect dominates, i.e. a core-level electron
with a certain kinetic energy is ejected from the excited atom. This photoelectron
can be described as a spherical wave which is scattered by neighboring atoms.
The interference of the backscattered waves with the ejected photoelectron wave
creates a characteristic interference pattern evidenced by a modulation of the
measured signal μ beyond the absorption edge (Figure 3.6).
The X-ray absorption near edge structure (XANES), comprising the region up
to 50eV above the energy of the absorption edge, gives information about local
||XAS measurements were performed in cooperation with S. Henning, J. Herranz, J. Durst (all
Electrochemistry Laboratory, headed by T. J. Schmidt, Paul Scherrer Institut) and M. Nachtegaal
(SuperXAS beamline, Paul Scherrer Institut). Data was evaluated by S. Henning.
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Figure 3.6.: Normalized XAS spectrum of a Pt foil at the Pt L3 absorption edge. The
X-ray absorption near edge structure (XANES) region up to 50eV above the
absorption edge gives information about the oxidation state. Structural
data like coordination numbers and interatomic distances can be obtained
from the extended X-ray absorption ﬁne structure (EXAFS) region
50-1000eV above the absorption edge.
symmetry and electronic structure.94 The oxidation state can be elucidated from
the position of the absorption edge and the white line intensity.95 The edge
position corresponds to the turning point of the absorption spectrum and is
generally more positive for more oxidized species due to different ﬁnal state
energies after the photoejection. The main peak in the absorption spectrum is
denoted as white line intensity and increases for oxidized species caused by a
raised probabilty for an X-ray absorption event.
Structural data like coordination numbers and interatomic distances can be
deducted from the region 50-1000eV above the absorption edge, the extended X-
ray absorption ﬁne structure (EXAFS).94 In order to obtain the EXAFS signal, the
pre-edge background and the absorption of an isolated atom μ0(E) are substracted
from the measured signal μ(E). After normalization, the data is converted into
k-space. The resulting EXAFS signal χ can be described as the sum of pair-wise
contributions from all neighboring atoms, each comprised of a term for amplitude
and phase:94
χ(k) =∑
j
Nj
kR2j
S20Fj(k)e
−2k2σ2j e−2Rj/λ(k)sin[2kRj + φj(k)] (3.4)
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with k =
√
2me
h¯
(E− E0) (3.5)
where j is the coordination shell index, N the number of identical atoms in the
same coordination shell, k the wavevector modulus, R the distance from the
absorber atom. S20 is the amplitude reduction factor, F the atomic backscattering
amplitude, and σ2 the Debye-Waller factor describing disorder due to static and
thermal contributions. λ is the mean free path of the electron and φ the total
phase shift. Data can be converted into k-space with Equation (3.5), where me is
the electron mass, h¯ the Planck constant, E the energy of the photoelectron, and
E0 the energy of the absorption edge.
The mean free path of the photoelectron λ, the atomic backscattering amplitude F,
the amplitude reduction factor S20 and the total phase shift φ can be extracted from
EXAFS measurements of reference compounds or can be calculated theoretically.
Fourier transformation is used to separate the individual contributions.
XPS measurements already showed that especially the aerogels with higher non-
noble metal contents did not only consist of a metal alloy, but formed (hydr)oxides
of the non-noble metal. XANES data complements already obtained information
about the chemical state of the metals in the aerogel. Pt3Ni and Pt1.5Ni aerogels
were characterized at the Ni K edge (8333eV) and compared to a Ni(OH)2 (β-
phase) reference sample (Figure 3.7a).96 They differed signiﬁcantly in their
behavior close to the absorption edge. The energy of the absorption edge of
Pt1.5Ni was shifted towards higher values. Moreover, the white line intensity
was increased. Both facts point to a partial oxidation of Ni in Pt1.5Ni. The
difference in oxidation state cannot solely be explained by Ni on the aerogel
surface, which would be oxidized upon contact with air, considering the similar
nanochain diameters of both aerogels and the twofold larger Ni content of Pt1.5Ni.
Thus, it has to be connected to the formation of a Ni (hydr)oxide phase in Pt1.5Ni.
The XANES spectrum of the Pt1.5Ni aerogel was ﬁtted as a linear combination of
the recorded spectrum of the Pt3Ni aerogel and the Ni(OH)2 reference spectrum
(Figure 3.7b). The best ﬁt yielded a composition of 75% Pt3Ni and 25% Ni(OH)2,
thereby conﬁrming the formation of a byproduct.
To elucidate the local geometric structure of the Pt–Ni and Pt–Cu aerogels, EXAFS
spectra were collected for both types of aerogels at the Pt L3 edge (11564eV)
and at the respective Ni or Cu K edge. The corresponding Fourier-transformed
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Figure 3.7.: XANES structure at the Ni K edge for the Pt3Ni aerogel, the Pt1.5Ni aerogel
and a Ni(OH)2 reference (a). The differences in white line intensity and
position of the absorption edge point towards a partial oxidation of Ni in
Pt1.5Ni. A ﬁt of the Pt1.5Ni aerogel spectrum as a linear combination of the
Pt3Ni aerogel and Ni(OH)2 spectra (b) yielded a composition of 75% Pt3Ni
and 25% Ni(OH)2. Adapted from Reference 32.
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Figure 3.8.: Fourier-transformed and k3-weighted EXAFS data of Pt–Ni (a) and Pt–Cu (b)
aerogels at the respective Ni or Cu K edge in R-space. Both, Pt1.5Ni and
PtCu feature peaks at ~1.5Å which are characteristic for M–O scattering.
Image (a) is adapted from Reference 32.
and k3-weighted EXAFS data at the K edge in R-space of the non-noble metal is
depicted in Figure 3.8. Pt1.5Ni featured at peak at 1.5–1.8Å, an indication for
Ni-O scattering.95 The same applied to PtCu, its peak at 1.5Å is characteristic
for Cu–O scattering. Both samples are known to contain hydr(oxide) side phases
from previous results.
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The data was analyzed by a simultaneous ﬁrst shell ﬁt of the Pt L3 and Ni K (Pt–Ni)
and Cu K (Pt–Cu) edge. Due to the contributions of M–O scattering to the EXAFS
signal, ﬁtting was not successful for Pt1.5Ni and PtCu. The experimental data
together with the ﬁt curves are shown in appendix A.3. The results for Pt3Ni and
Pt3Cu are summarized in Table 3.1. Both aerogels showed lower total coordina-
tion numbers compared to the corresponding bulk material (typically 12 for a
macroscopic fcc crystal lattice), which is characteristic for nanomaterials with
their high surface-to-volume ratio. The values for bond lengths and coordination
numbers are well in agreement with those reported for carbon-supported Pt3Ni
97
and Pt3Cu
98 nanoparticles with similar particle size. This was expected as both
materials have comparable building blocks.
gel scattering pair N R/Å σ2/10-3Å2 ΔE0/eV R-factor
Pt3Ni Pt–Pt 7.5±1.0 (8.0) 2.71±0.01 (2.71) 7±1 10.8 0.01
Pt–Ni 2.5±0.7 (2.0) 2.66±0.03 (2.65) 7±1 3.0
Ni–Pt 5.0±1.2 2.66±0.03 13±1
Ni–Ni 2.8±1.1 2.58±0.03 12±4
Pt3Cu Pt–Pt 7.8±0.7 (7.0) 2.717±0.004 (2.72) 7±1 (8) 5.3±0.5 0.017
Pt–Cu 2.1±0.5 (2.5) 2.661±0.010 (2.66) 10±2 (11)
Cu–Pt 6.7±0.9 (7.0) 2.661±0.010 (2.67) 10±2 (11)
Cu–Cu 3.2±1.4 (2.6) 2.663±0.014 (2.63) 10±4 (12) 2.4±0.6
Table 3.1.: Results from ﬁrst shell ﬁts of FT transformed EXAFS data of Pt3Ni and Pt3Cu
aerogels. Coordination number N, bond length R, Debye-Waller factor
(disorder parameter) σ2, shift of energy ΔE0. Reported values of
carbon-supported Pt3Ni
97 and Pt3Cu
98 nanoparticles of comparable size are
shown in brackets.
Furthermore, EXAFS data can be used to analyze the degree of alloying and
segregation in catalyst materials. The composition of an alloy AxB1−x is obtained
by comparison of the partial coordination numbers NB−A and NA−B.99
xA
xB
=
NB−A
NA−B
(3.6)
For Pt3Cu, the copper content in the alloy was determined to xCu=0.24±0.07,
the Ni content of Pt3Ni to xNi=0.35±0.12. The value for Pt3Cu concurs with
the results from XRD and ICP-OES indicating that the aerogel is a homogeneous
bimetallic alloy, although the large errors resulting from the EXAFS ﬁts have to
be considered.
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The Cowley short range order parameter α (Equation 3.7) quantiﬁes the local
homogeneity (up to ~6Å) and randomness of the elemental distribution:99
α = 1 − NA−B/NA−M
xB
(3.7)
where NA−M is the total coordination number of A. α can adopt values between –1
and 1. Negative values are associated with homogeneous conﬁguration, whereas
positive values represent heterogeneous structures, i.e. segregation and cluster-
ing are favored. The borderline case of a homogeneous ordered alloy (intermetallic
phase) is given for α=–1. Complete segregation of clusters is characterized by
α=1. If α=0, the metals A and B form a homogeneous random alloy. The possible
elemental distributions are illustrated in Figure 3.9. Both, Pt3Ni and Pt3Cu aero-
gels had a Cowley short range oder parameter of approximately zero, supporting
previous ﬁndings that they are homogeneous random alloys.
Figure 3.9.: The Cowley short range order parameter α quantiﬁes the local homogeneity
and randomness of the elemental distribution. Negative values are
associated with homogeneous conﬁguration with either ordered (α=–1) or
random (α=0) distribution. Positive values represent heterogeneous
structures with α=1 representing complete segregation. Adapted with
permission from Reference 99. Copyright 2013, AIP Publishing LLC.
3.5. Electrochemical surface analysis**
Previous methods were only able to analyze the bulk composition of Pt–M aerogels.
But for catalytic applications, it is essential to know the state of the catalyst
surface. Cyclovoltammetry is perfectly suitable to probe the surface of aerogels.
**Electrochemical measurements were performed by S. Henning (Electrochemistry Laboratory,
Paul Scherrer Institut).
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Speciﬁc features in CVs indicate the presence of certain elements. The peaks
between ~0.05–0.4V vs. reversible hydrogen electrode (VRHE) are associated
to underpotential deposition of hydrogen atoms (HUPD) on polycrystalline Pt.100
For Ni, the oxidation of Ni(OH)2 to NiOOH at ~1.4VRHE and its quasi-reversible,
subsequent reduction in the negative-going scan provides such a characteristic
feature.101
In order to realize electrochemical measurements on aerogels, it is necessary
to transfer them to an electrically conductive substrate. Therefore, some solid
aerogel was dispersed in a mixture of water and isopropanol, then sonicated
for 10min in an ultrasonic bath to form a homogeneous ink. Small fractions of
the ink were dropped onto the surface of a glassy carbon electrode to obtain
catalyst loadings of 30μgPt cmelectrode−2. Subsequently, coatings were dried under
a gentle nitrogen ﬂux. Electrochemical measurements were performed in a three-
electrode setup with a gold mesh as counter electrode. A reversible hydrogen
electrode (RHE) served as reference electrode for experiments in acid, a calomel
electrode was used for measurements in alkaline media. All potentials are given
against RHE.
In order to probe the surface composition of Pt–Ni aerogels, cyclic voltammetry
was applied to as-synthesized Pt3Ni and Pt1.5Ni. As Ni dissolves in acidic solu-
tion,102 initial measurements were conducted in alkaline (0.1M NaOH) solution
to prevent leaching from the surface. The resulting cyclovoltammograms are
depicted in Figure 3.10. Both aerogels exhibit hydrogen underpotential deposition
(HUPD) features characteristic for Pt. Only Pt1.5 displays a pronunced peak for
Ni(OH)2 oxidation/NiOOH reduction, i.e. it has a signiﬁcant amount of Ni on
the surface, possibly in the form of a (hydr)oxide. To the contrary, Pt3Ni shows
merely traces of Ni, as was expected from the lower overall Ni content (nominal
composition Pt:Ni=3:1) and the alloy homogeneity deducted from XAS.
To test the stability of the surface composition under catalysis conditions (acidic
solution), the electrodes were subjected to 25 potential cycles (0.05-1.0VRHE)
in 0.1M HClO4. Subsequently, CVs were recorded in 0.1M NaOH to identify
possible changes. Both Pt–Ni aerogels behave very similar after acid treatment
(Figure 3.10). Absolutely no redox transitions were observed at 1.4VRHE proving
the complete dissolution of Ni species from the surface.
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Figure 3.10.: Cyclic voltammograms in N2-saturated 0.1M NaOH electrolyte at
50mVs−1 of Pt3Ni (a) and Pt1.5Ni (b) aerogels. Comparison of CVs before
(solid) and after (dotted) 25 conditioning cycles in 0.1M HClO4 electrolyte
between 0.05 and 1.0VRHE show that all surface Ni (represented by the
Ni(OH)2/NiOOH redox transition at 1.4VRHE) dissolves upon exposure to
acid. Adapted from Reference 32.
3.5.1. Electrochemically active surface area
Moreover, the ECSA of Pt-based catalysts can be determined from cyclovoltamme-
try. This is crucial to evaluate speciﬁc activities and compare different catalysts
to establish structure-activity relationships. Furthermore, physisorption methods
like BET also include areas of the material which are not accessible to the elec-
trolyte and hence do not contribute to the electrocatalytic activity. In this work,
two different methods were employed to determine the ECSA of Pt–M aerogels,
HUPD and CO stripping. Figure 3.11 illustrates both techniques on a Pt3Ni aerogel
as an example.
For HUPD analysis, CVs are recorded in N2-saturated acidic medium (0.1M HClO4).
The redox pairs between 0.05 and 0.4VRHE are attributed to adsorbed H atoms at
various Pt crystal facets. In order to determine the charge from the ad-/desorption
of a HUPD monolayer on the electrode QH, these peaks are integrated and the
double layer charge is substracted. The ECSA is given by the ratio of QH and the
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Figure 3.11.: CVs from CO stripping experiments at a Pt3Ni aerogel. The areas that are
used to determine the HUPD and CO stripping charges, hence to calculate
the ECSA, are marked in gray.
charge density for the stripping of a HUPD monolayer on a reference Pt electrode
QS, with QS=210μCcm−2:103
A =
QH
QS
=
QH
210 μCcm−2
(3.8)
The starting point for CO stripping is a preconditioned electrode in N2-saturated
solution. The electrolyte is purged with carbon monoxide while the electrode
is kept at a constant potential to adsorb a monolayer of CO. Subsequently, the
gas is switched to N2 to remove traces of CO from the solution. The following
potential scan only shows the stripping of the adsorbed CO from the electrode.
The charges associated with the double layer and oxide formation are substracted
from the integrated area to obtain the charge of the CO stripping QCO. The
ECSA of the electrode is determined by the ratio of QCO and the charge den-
sity for the stripping of a CO monolayer on a reference Pt electrode which is
420μCcm−2:103
A =
QCO
QS
=
QCO
420 μCcm−2
(3.9)
HUPD is very sensitive towards preadsorbed anions whereas CO strongly ad-
sorbs on Pt surfaces and can replace most species like anions or H atoms.104
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However, CO can induce annealing of the catalyst surface or segregation of the
alloy.104,105
The results from the ECSA determination by both methods are summarized in
Table 3.2 and compared to values obtained from nitrogen physisorption measure-
ments. All the examined Pt–Ni and Pt–Cu aerogels had an ECSA of ~30m2 gPt−1.
The deviation between the electrochemical methods was less than 7% indicat-
ing that both techniques are applicable to these materials. The electrochemical
surface areas were systematically 40–60% lower than BET surface areas. This
difference most likely results from micropores in the nanostructure which are
accessible to the N2 adsorbate in the physisorption measurements but cannot be
wetted by the electrolyte.
gel HUPD CO stripping average ECSA BET
Pt3Ni 32±2 30±2 31±2 55
Pt1.5Ni 30±1 28±1 29±1 58
Pt3Cu 28±2 59
PtCu 29±2 81
Table 3.2.: Surface areas of Pt–Ni and Pt–Cu aerogels in m2 gPt−1 determined from N2
physisorption and HUPD and CO stripping analysis. ECSAs are systematically
40–60% lower than BET surface areas.
3.6. Scanning transmission electron microscopy
coupled with energy-dispersive X-ray
spectroscopy (STEM-EDX)††
The employed characterization techniques (XRD, XPS, XAS and cyclovoltamme-
try) already revealed crucial information about the composition, distribution of
elements and surface properties of the aerogels under investigation. However, all
of them are area-averaging methods and hence lack local spatial resolution. The
††STEM-EDX analysis of Pt1.5Ni and PtNi–K4 aerogels was performed in cooperation with B.
Rutkowski (International Centre of Electron Microscopy for Materials Science and Faculty of
Metals Engineering and Indstrial Computer Science, AGH University of Science and Technology
Krakow). The research leading to these results has received funding from the European Union
Seventh Framework Programme under Grant Agreement 312483 – ESTEEM2 (Integrated
Infrastructure Initiative–I3). STEM-EDX analysis of Pt–Cu and Pt3Ni aerogels was performed
by R. Hübner (Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum
Dresden-Rossendorf).
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3.6 Scanning transmission electron microscopy coupled with energy-dispersive
X-ray spectroscopy (STEM-EDX)
combination of scanning transmission electron microscopy with energy-dispersive
X-ray spectroscopy (STEM-EDX) is a powerful technique to obtain the missing
information.
In contrast to TEM which uses a stationary, parallel electron beam, STEM employs
a ﬁne electron probe (<0.2nm) that is scannend over the specimen. It allows
the simultaneous detection and analysis of different imaging, diffraction and
spectroscopy modes. When the incident high-energy electron beam interacts
with the atoms of the specimen, a range of signals is created (Figure 3.12).
Therefore, a variety of detectors are used in an analytical STEM setup. A bright
ﬁeld (BF) detector collects the direct beam and detects unscattered electrons.
Contrast arises from incoherent elastic scattering (Rutherford scattering) of
electrons, which strongly depends on the atomic number Z and the thickness of
the specimen.106 As a result, thick specimen and heavy elements appear darker
in the bright ﬁeld. The annular dark ﬁeld (ADF) detector collects scattered
electrons at low angles. Additional contrast arises here from Bragg-scattered
(coherently elastically scattered) electrons. Therefore, it can be used to observe
grain boundaries and crystallite orientation in polycrystalline materials.106 In
order to image exclusively Rutherford-scattered electrons, hence emphasize the
Z-contrast, a high-angle annular dark ﬁeld (HAADF) detector is used. As opposed
to BF images, thicker specimen and atoms with higher atomic number appear
brighter in dark ﬁeld detectors.
The combination of HAADF imaging with EELS or EDX yields valuable information
about the composition and electronic structure of nanoparticles with atomic-level
resolution. EELS analyzes the energy distribution of inelastically scattered elec-
trons. Thereby, it gives information about the nature of atoms and their bonding.
It is commonly used for the analysis of light elements and thin specimens. The
occurrence of multiple scattering events turns data analysis extremely complex
in the case of thicker specimen. EDX examines the characteristic X-rays that
are emitted when the incident electrom beam excites a core-level electron of the
specimen atoms. It is mainly used to identify the composition and the spatial
elemental distribution of materials composed of heavy elements. Therefore, this is
the most suitable method to study the local distribution of metals in Pt–M aerogels.
However, due to the small electron probes employed in STEM, the spatial reso-
lution is high. On the other hand, the X-rays emanate only from a small volume
of the specimen resulting in weak signals. To improve the signal-to-noise ratio
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Figure 3.12.: Signals generated upon interaction of a high-energy electrom beam with a
specimen. Various detectors are used to emphasize either diffraction or Z
contrast. The elemental composition of the sample can be elucidated from
characteristic X-rays (EDX) and inelastically scattered electrons (electron
energy-loss spectroscopy (EELS)). Adapted with permission from
Reference 107. Copyright 1999, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim
for a quantitative analysis, long acquisition times are required. Challenges like
specimen drift and electron beam damage arise from this issue.
Representative HAADF STEM images together with single element EDX maps of
Pt and the corresponding non-precious metal are shown for Pt3Ni, Pt1.5Ni, PtNi–
K4, Pt3Cu and PtCu aerogels in Figures 3.13 to 3.17. Additionally, quantitative
analysis results of several small areas marked in the overlay image of both
elements are shown in the accompanying tables.
STEM-EDX maps of Pt3Ni reveal that the alloyed aerogel is not as homogeneous
as expected from EXAFS. Indeed, it rather forms a core–shell structure with a
Ni-rich core (~35at.% Ni) and a Pt-rich shell (~15at.% Ni). Moreover, some areas
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X-ray spectroscopy (STEM-EDX)
(a) (b) (c)
(d)
at.% Pt at.% Ni
1 59.3 40.7
2 85.0 15.0
3 63.6 36.4
4 81.8 18.2
5 61.7 38.3
6 84.3 15.7
(e)
Figure 3.13.: HAADF image (a), Pt map (b), Ni map (c) and overlaid Pt–Ni map (d)
resulting from STEM-EDX analysis of a Pt3Ni aerogel. The elemental
compositions of the areas marked in (d) are given in the corresponding
table (e). The formation of a Pt-rich shell around a Ni-rich core is
observed.
have a uniform composition with ~15at.% Ni. Surface segregation of Pt in Pt–Ni
alloy nanoparticles has been observed experimentally and predicted by theoretical
calculations.48 This effect improves its activity towards electrocatalytic oxygen
reduction as shown by Stamenkovic et al. who compared annealed Pt3Ni alloys
(pure Pt in the outermost layer, Pt-skin) and sputtered Pt3Ni surfaces which form
a Pt-skeleton upon contact with the acidic environment used for ORR.108
Elemental maps of Pt1.5Ni display a uniform distribution of Pt and Ni over the
whole aerogel structure suggesting a homogeneous alloy. However, quantitative
analysis of several small areas reveal that the composition of the alloy varies con-
siderably between 20 and 50at.% Ni. A core–shell structure was not discernible
at this magniﬁcation, although Pt enrichment at the surface of the aerogel would
be expected based on the results for Pt3Ni and the literature and might become
visible at higher resolutions.
Pt3Cu aerogels did not show any indication for the formation of a core–shell
structure. The single element maps display a uniform distribution of Pt and Cu.
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(a) (b) (c)
(d)
at.% Pt at.% Ni
1 79.0 21.0
2 73.5 26.5
3 64.3 35.7
4 53.0 47.0
(e)
Figure 3.14.: BF image (a), Pt map (b), Ni map (c) and overlaid Pt–Ni map (d) resulting
from STEM-EDX analysis of a Pt1.5Ni aerogel. The elemental compositions
of the areas marked in (d) are given in the corresponding table (e). This
sample shows an alloyed structure with varying composition across the
gel network.
Quantitative analysis yields an average Cu content of ~22at.%. This value is in
agreement with the composition determined by ICP-OES signifying that all the
Cu in the aerogel forms part of the Pt alloy. Moreover, regions with Cu contents
of up to ~35at.% were sporadically found. Nonetheless, in sight of the Cowley
short range order parameter of ~0 derived from EXAFS, these regions are not
representative of the overall homogeneity of the sample.
STEM-EDX maps of PtCu aerogels do not exhibit any sign of inhomogeneity. They
form a very uniform alloy with ~39at.% Cu. The deviation of the Cu content
determined by STEM-EDX from ICP-OES results (50at.%Cu) can be explained by
the formation of Cu oxide byproduct.
Finally, a PtNi–K4 aerogel was studied by STEM-EDX in order to obtain insights
into the elemental distribution and the formation mechanism of the hollow spheres
observed in TEM images (cf. Section 2.2). Element maps reveal that the two types
of building blocks (solid spheres and hollow spheres) of the aerogel do not only
differ in their morphology, but also in their composition. The hollow spheres have
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X-ray spectroscopy (STEM-EDX)
(a) (b) (c)
(d)
at.% Pt at.% Cu
1 79.4 20.6
2 64.8 35.2
3 81.6 18.4
4 78.5 21.5
5 83.3 16.7
6 82.7 17.3
(e)
Figure 3.15.: HAADF image (a), Pt map (b), Cu map (c) and overlaid Pt–Cu map (d)
resulting from STEM-EDX analysis of a Pt3Cu aerogel. The elemental
compositions of the areas marked in (d) are given in the corresponding
table (e). This aerogel forms a uniform alloy with ~22at.% Cu. Areas with
increased Cu content were found sporadically.
(a) (b) (c)
(d)
at.% Pt at.% Cu
1 59.7 40.3
2 62.4 37.6
3 59.0 41.0
4 59.1 40.9
(e)
Figure 3.16.: HAADF image (a), Pt map (b), Cu map (c) and overlaid Pt–Cu map (d)
resulting from STEM-EDX analysis of a PtCu aerogel. The elemental
compositions of the areas marked in (d) are given in the corresponding
table (e). This aerogel forms a uniform alloy with ~39at.% Cu.
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a Pt-rich alloy shell with ~25at.% Ni. The solid spheres actually have a core–shell
structure with a Ni-rich core (~75at.% Ni) and a Pt-rich shell (~20at.% Ni). The
formation of hollow structures with the noble metal on the surface hints towards a
galvanic replacement involved in the formation process of the PtNi–K4 aerogel.109
Further studies were conducted in the following to gain more information about
the formation mechanism of this aerogel.
(a) (b) (c)
(d)
at.% Pt at.% Ni
1 20.6 79.4
2 25.5 74.5
3 76.2 23.8
4 72.0 28.0
5 81.1 18.9
6 77.5 22.5
(e)
Figure 3.17.: BF image (a), Pt map (b), Ni map (c) and overlaid Pt–Ni map (d) resulting
from STEM-EDX analysis of a PtNi–K4 aerogel. The elemental
compositions of the areas marked in (d) are given in the corresponding
table (e). Two types of bulding blocks were found – solid spheres with a
Ni-rich core (~75at.% Ni) and a Pt-rich shell (~20at.% Ni), and hollow
spheres with a Pt-rich alloy shell (~25at.% Ni).
3.6.1. Formation of hollow spheres‡‡
Hollow nanostructures can be synthesized via various approaches. Possible
underlying mechanisms are self-organization processes like self-rolling, Ostwald
ripening, oriented attachment or the Kirkendall effect, or the use of sacriﬁal
templates such as porous matrices or solid nanowires and nanoparticles.109,110
The formation of hollow nanospheres (HNS) commonly occurs during galvanic
replacement reactions.111 This phenomenon has been utilized to modify aerogel
‡‡TEM images were taken by M. Werheid (Physical Chemistry, TU Dresden).
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building blocks or to induce additional porosity in metal gels. Ranmohotti et
al. produced Au–Ag, Pd–Ag and Pt–Ag nanoshells from Ag nanotriangles and
assembled them into hydrogels via rotary evaporation.43 Cai et al. obtained
hollow Pd–Ni aerogels by temperature-induced gelation of concentrated Pd–Ni
HNS sols synthesized via galvanic replacement of Ni nanoparticles.36,112 The
production of nanotubular Pt–Ag alloyed structures via galvanic replacement of
Ag hydrogels was demonstrated by Liu et al.113 Recently, Fu et al. used this
approach to synthesize Pd–Ni and Pt–Ni aerogels with hollow nanochains from Ni
nanosponges.114
In order to ﬁnd out whether the underlying mechanism for hollow spheres in
PtNi–K4 aerogels is a galvanic replacement as a result of non-uniform metal
reduction, samples were taken during the synthesis and studied by TEM (Figure
3.18). The time series revealed that solid spherical nanoparticles were formed
after addition of NaBH4 to the metal precursor solution. Hollow spheres were
observed only after 30min indicating that indeed a galvanic replacement reaction
could be responsible for the HNS formation. The single nanoparticles slowly
coalesced into a three-dimensional network (1h) conﬁrming that the gelation
process is very similar to other one-step syntheses.9
However, it is still surprising that Pt is found predominantly in the shell meaning
that Ni precipitated ﬁrst and subsequently Pt. Based on the much more positive
redox potential of ([PtCl4]
2–/Pt]) compared to (Ni2+/Ni), one would expect the
reduction to occur in the reversed order. A possible explanation might be the
formation of a strong Pt complex impeding reduction kinetically.115,116
3.7. Conclusion
Extensive knowledge about the elemental distribution, crystallinity and elec-
tronic structure of bimetallic aerogels is essential to understand their catalytic
properties. The investigation of bimetallic noble metal aerogels prepared from
monometallic nanoparticles via a two-step approach illustrated that the alloying
behavior of the various metal combinations cannot yet be predicted. Therefore,
a combination of diffraction, spectroscopic, microscopic and electrochemical
techniques was applied to elucidate the electronic structure and composition of
Pt–Ni and Pt–Cu aerogels.
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(a) 2min (b) 10min (c) 30min
(d) 1h (e) 24h
Figure 3.18.: TEM time series monitoring the evolution of PtNi–K4 hydrogel formation.
Initially, solid particles are formed (a, b). Hollow spheres are detected
only after 30min (c) indicating the occurence of a galvanic replacement.
Nanochain formation is observed after 1h. The structure is already very
similar to the one of the settled hydrogel (e).
Powder X-ray diffraction showed that all aerogels form a solid solution based
on a Pt fcc crystal lattice where non-precious metal atoms occupy Pt lattice
sites. X-ray photoelectron spectroscopy revealed the predominantly metallic state
of both elements in Pt3M aerogels, whereas signiﬁcant amounts of oxidized M
species were found in aerogels with higher non-precious metal contents. The
presence of (hydr)oxides in Pt1.5Ni and PtCu aerogels was conﬁrmed by X-ray
absorption spectroscopy. An analysis of the local geometric structure by EXAFS
suggested the formation of a homogeneous alloy for Pt3M aerogels. Interatomic
distances and coordination numbers were very similar to values reported for
carbon-supported Pt3M nanoparticles.
Electrochemical measurements in alkaline solution demonstrated that pristine
Pt3Ni aerogel surfaces are almost exclusively occupied by Pt atoms, whereas
substantial amounts of Ni species were detected on the surface of Pt1.5Ni aerogels.
Nevertheless, exposure to acid resulted in identical surfaces entirely covered by
Pt atoms.
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The analysis of the elemental distribution with local resolution by STEM-EDX
revealed that Pt–Ni aerogels tend to form a core–shell structure with a Pt-rich
shell. This could be caused by surface segregation of Pt or non-uniform reduction
of the metal salts. In contrast, Pt–Cu aerogels form homogeneous alloys.
In summary, XRD, XPS, XAS and STEM-EDX drew a coherent image of the elec-
tronic properties and the elemental distribution. Generally, many analogies were
found between Pt–Ni and Pt–Cu aerogels. These structure properties will be
related to their electrocatalytic activity in the following chapter.
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4
Electrocatalytic fuel cell
applications
4.1. Pt–Ni and Pt–Cu aerogels as catalysts for the
oxygen reduction reaction (ORR)*†
In order to compare the activity of various catalysts from different laboratories, a
standardized measurement protocol is indispensable. The ORR activity of Pt-based
catalysts is commonly determined by RDE voltammetry in acidic medium and
compared to a commercial Pt/C catalyst. The rotating working electrode causes a
laminar ﬂow towards and across the electrode. The convection counteracts the
propagation of the diffusion layer into the electrolyte, thereby controlling the
mass transport precisely.
The resulting polarization curves generally have three sections (Figure 4.1a). At
large overpotentials, the concentration of the reactant species at the electrode
surface approaches zero as the electron transfer is fast. Therefore, the voltammet-
ric response is limited by mass transport showing as a plateau in the polarization
curve. At low overpotentials, the current response for a system with slow electron
transfer (which is the case for oxygen reduction) is governed by the rate constant
*Parts of this section have already been published.32,33
†Electrochemical measurements were performed by S. Henning (Electrochemistry Laboratory,
Paul Scherrer Institut).
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for the electron transfer. In between, the response has mixed transport-kinetic
control. According to the Koutecky-Levich equation,117 the measured current
densities in this region can be described as a combination of diffusion-limited and
kinetic current densities.
1
j
=
1
jk
+
1
jD
=
1
nFkhc0
+
1
0.62nFD2/3ν−1/6ω1/2c0
(4.1)
where jk is the kinetic current density, jD the diffusion-limited current density, n
the number of transferred electron, F the Faradaic constant, kh the heterogeneous
rate constant for the electron transfer, c0 the bulk concentration of the reactant, D
the diffusion constant of the reactant in the electrolyte, ν the kinematic viscosity
of the electrolyte, and ω the rotational velocity.
Voltammetric curves of Pt3Ni, Pt1.5Ni and 30% Pt/Vulcan XC-72 (E-TEK) were
recorded in O2-saturated 0.1M HClO4 at a rotation rate of 1600rpm and with a
scan rate of 5mVs-1. The corresponding polarization curves and Tafel plots are
depicted in Figure 4.1. Small scan rates were employed to minimize interference
from capacitive currents and catalyst loadings were kept low to avoid deviations
from the ideal mass transport at an RDE.118 Activities (i.e. kinetic current
densities) were derived from current densities at 0.95V using Equation 4.1. The
potential of 0.9V, typically used in the literature, was not chosen as it was too
close to the diffusion-limited regime turning the mass-transport correction by the
Koutecky-Levich equation inaccurate.119
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Figure 4.1.: Anodic ORR polarization curves (a) and corresponding Tafel plots (b) of
Pt–Ni aerogels and Pt/C benchmark catalyst. Adapted from Reference 32.
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4.1 Pt–Ni and Pt–Cu aerogels as catalysts for the oxygen reduction reaction (ORR)
The obtained activities were normalized to the Pt surface area of the catalyst
(average ECSA, cf. Section 3.5.1) and to the Pt mass resulting in surface-speciﬁc
activity is and mass-speciﬁc acitivity im, respectively. The results for Pt–Ni aero-
gels as well as Pt–Cu aerogels, which were measured in the same manner, are
illustrated in Figure 4.2.
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Figure 4.2.: Surface-speciﬁc (a) and mass-speciﬁc (b) ORR activities at 0.95VRHE for
Pt–Ni aerogels, Pt–Cu aerogels and Pt/C. The dotted line represents the
DOE ORR activity target at 0.95VRHE, extrapolated from the benchmark
value of 440AgPt−1 assuming a Tafel slope of 60mVdec-1. Activity values
were extracted from anodic polarization curves in O2-saturated 0.1M
HClO4 electrolyte, corrected for IR drop and mass transport losses
(Koutecky-Levich equation). Surface-speciﬁc activities are approximately
three times higher than that of Pt/C probably due to alloying effects. All
aerogels reach the 2017 DOE target for mass-speciﬁc ORR activity, PtCu
even exceeds it by 30%.
The surface-speciﬁc activities of all investigated aerogels were approximately
three times higher than that of Pt/C. The increase can be explained partially
by the larger particle size in Pt–Ni (5.5nm) and Pt–Cu (4nm) compared to Pt/C
(3.4nm).120 The variation of activity with particle size is probably caused by
changes in the adsorption of oxygen-containing species, OHads, which block sites
for O2 reduction.118 However, reported values on Pt/C catalysts imply that particle
size can only account for an activity enhancement of ~20% in this range of ECSA
values (30–50m2 gPt−1).118 Therefore, the majority of the activity increase is
attributed to alloying effects. In Pt–Ni and Pt–Cu alloys, the d-band center is
shifted to more negative energies increasing the adsorption energy of OHads and
thereby reducing the fractional coverage of spectator species.15,16 In turn, more
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free sites are available for O2 adsorption enhancing the ORR activity. Based on
these observations, the slightly higher surface-speciﬁc activity of PtCu compared
to Pt3Cu can be explained in terms of a higher degree of alloying as established
from XRD and STEM-EDX results (cf. Sections 3.2 and 3.6).
The mass-speciﬁc activities of the aerogels were 1.5–2 times higher than that of
the benchmark Pt/C catalyst. Pt–Ni aerogels meet the 2017 target for automotive
fuel cell applications given by the DOE, PtCu even exceeds it by 30%. The
reported value of 440A/gPt at 0.9V121 was extrapolated to 0.95V assuming a Tafel
slope of 60mVdec−1 (similar slopes were observed here, see Figure 4.1b).122
Inversely, the ORR activities measured at 0.95V can be extrapolated to 0.9V,
resulting in 422±46A/gPt for Pt3Ni, 420±33A/gPt for Pt1.5Ni, 399±36A/gPt for
Pt3Cu, and 584±22A/gPt for PtCu. These values are similar to those reported for
dealloyed Pt–Ni/C and Pt–Cu/C catalysts based on RDE123,124 and fuel cell21,125
studies.
The ORR activities for both Pt–Ni aerogels are alike which is consistent with the
conclusion drawn from electrochemical surface analysis (cf. Section 3.5). There,
it was stated that the surface composition of both materials is indistinguishable
after a few voltammetric cycles in 0.1M HClO4, i.e. surface-Ni and Ni (hydr)oxide
side phases are dissolved.
4.2. Impact of acid washing on catalytic
activity‡§
The non-precious metal of Pt alloy catalysts is prone to dissolution in the acidic
environment associated with the perﬂuorosulfonic acid groups in the ionomer and
membrane of PEFCs.102,118,126 This can change composition and hence catalytic
properties of the Pt alloy. Furthermore, the leached metal ions can contaminate
the ionomer and impair fuel cell performance due to their higher afﬁnity to
sulfonic acid groups than H+.127–129 This is a critical, yet often overlooked issue
for practical implementation.
‡Parts of this section have already been published.33
§TEM images were taken by M. Werheid. XPS, XAS and electrochemical measurements were
performed by S. Henning (Electrochemistry Laboratory, Paul Scherrer Institut). STEM-EDX
analysis was performed by R. Hübner (Institute of Ion Beam Physics and Materials Research,
Helmholtz-Zentrum Dresden-Rossendorf).
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The problem of ionomer poisoning by cations can be overcome by washing the
MEA with acid after Ni/Cu dissolution and prior to PEFC operation to restore
the ionomer’s initial H+ inventory as it was developed for carbon-supported Pt–
Ni and Pt–Cu alloys with high initial non-precious metal content.125,130,131 To
mimic the dealloying effects related to MEA fabrication and PEFC operation,
two Pt–Cu aerogels with different initial copper contents (Pt3Cu and PtCu) were
washed in acid. Analysis of the relationship between composition, structure and
ORR activity of the resulting aerogels helped to identify the key parameters
determining catalytic properties.
Pt–Cu aerogels with two different metal precursor ratios were synthesized by
co-reduction as described in Chapter 2. In parallel, fractions of washed Pt3Cu
and PtCu hydrogels were exchanged with 0.1M HClO4 solution for two days
before washing with water, acetone exchange and ﬁnal supercritical drying. The
resulting acid-washed (AW) materials (Pt3Cu AW and PtCu AW) had lower Cu
contents than their as-synthesized counterparts, 20 and 26 at.% for Pt3Cu AW
and PtCu AW, respectively, as opposed to 25 and 50at.% for Pt3Cu and PtCu.
Representative TEM images of Pt3Cu, PtCu and their acid-washed derivatives are
shown in Figure 4.3. All samples exhibit the typical three-dimensional network
structure. Size distributions of the nanochain diameter were determined to
3.8±1.0, 3.9±1.1, 4.0±1.0 and 3.7±0.9nm for Pt3Cu, Pt3Cu AW, PtCu and
PtCu AW, respectively.
The large tabular CuO crystals observed in PtCu aerogels could no longer be
detected after acid washing. XPS spectra at Cu 2p binding energies (Figure 4.4)
support the assumption that the CuO is dissolved in acid. The peaks at 962eV
and 942eV in the PtCu spectrum indicating the presence of copper oxides89 diss-
apeared in the PtCu AW spectrum. On the other hand, the Pt3Cu gel morphology
and oxidaton state of Cu were not affected by treatment in 0.1M HClO4.
Afterwards, the ORR activities of the as-synthesized and acid-washed Pt–Cu aero-
gels were determined using RDE voltammetry in 0.1M HClO4 electrolyte. The
mass-speciﬁc ORR activities at 0.95VRHE in Figure 4.5a were extracted from an-
odic sweeps at 5mVs-1 and 1600 rpm in O2-satured electrolyte after correcting for
cell resistance and mass transport limitations applying the Koutecky-Levich equa-
tion (cf. Section 4.1). The mass-speciﬁc ORR activities were lower for Pt3Cu AW
(–10% vs. Pt3Cu) and PtCu AW (–25% vs. PtCu), indicating that the loss of copper
upon exposure to acid is detrimental to the aerogels’ catalytic activity. A similar
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Figure 4.3.: TEM images of as-synthesized (a) and acid-washed (b) Pt3Cu and
as-synthesized (c) and acid-washed (d) PtCu aerogels. The insets show the
distributions of nanochain diameters. Morpholgy and nanochain diameter
were not affected by acid washing, but the CuO crystals present in PtCu
dissolve. Reprinted with permission from Reference 33. Copyright 2017,
Elsevier.
trend was observed for surface-speciﬁc activities (Figure 4.5b). ECSAs were
determined by HUPD and CO stripping (cf. Section 3.5.1) and are written vertically
across the bars in Figure 4.5b These values remained constant upon acid washing.
Therefore, the formation of Pt-skeleton core–shell structures that would lead to
an increase in ECSA following Cu dealloying can be excluded.132–135
As discussed in Section 4.1, the approximately threefold increase in ECSA-speciﬁc
activity for Pt–Cu aerogels vs. Pt/C is mainly related to a weaker adsorption of
oxygen-containing intermediates, in terms caused by a downshift of the d-band
center induced by the alloying with Cu.16 To be more precise, two effects are
triggered when Pt is alloyed with other metals. First, alloying induces a long-
range lattice strain which affects the Pt–Pt bond length. This phenomenon is
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Figure 4.4.: Cu 2p XPS spectra of as-synthesized Pt–Cu and their corresponding
acid-washed aerogels. They prove that copper oxides present in the pristine
gels are removed by acid washing.
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Figure 4.5.: Mass-speciﬁc (a) and surface-speciﬁc (b) ORR activities at 0.95VRHE for
as-synthesized and acid-washed Pt–Cu aerogels and Pt/C benchmark
catalyst. The dotted line represents the DOE ORR activity target at
0.95VRHE, extrapolated from the benchmark value of 440AgPt−1 assuming
a Tafel slope of 60mVdec-1. Vertical column labels are ECSA values
averaged from HUPD and CO stripping charges. The mass-speciﬁc as well as
the surface-speciﬁc activities decrease after acid washing while the ECSAs
remain constant, excluding the formation of Pt-skeleton structures. The
activity loss is presumably caused by dealloying. Adapted with permission
from Reference 33. Copyright 2017, Elsevier.
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described as ’geometric effect’. Second, short-range electronic transfer between
the different metals in the alloy is referred to as ’ligand effect’.136,137 For multi-
metallic alloy catalysts like the aerogel structures investigated in this study, both
effects simultaneously inﬂuence the d-band center position and corresponding
ORR activity, making it impossible to determine their relative contributions to the
reactivity enhancement.137
Since the decrease of ORR activity observed for the Pt–Cu aerogels upon acid
washing is expected to be reproduced during MEA preparation/PEFC operation,
it is fundamental to unravel the reasons for this behavior in order to assess the
material’s PEFC applicability. Comparing the ORR activity for all four specimens,
the trend PtCu>PtCu AW≥Pt3Cu≥Pt3Cu AW qualitatively matches the Cu con-
tent in the as-synthesized and acid-washed aerogels, determined by ICP-OES,
thus agreeing with reports by the Strasser group correlating ORR activity and
Cu concentration.131,138 However, those studies included catalysts with initial
copper contents >50at.% that experienced signiﬁcant Cu leaching during the
voltammetric conditioning step.138 Moreover, the initial Cu content of these aero-
gel catalysts derived by ICP-OES can be a misleading property to relate to their
ORR activity considering the existence of a copper oxide side phase in PtCu.
Therefore, the four samples were investigated by XRD to determine their degree
of alloying and corresponding composition. As discernible from the inset in Figure
4.6, the 111 reﬂection for PtCu was at larger 2θ values than for Pt3Cu, indicating
a higher Cu content in the alloy phase and coinciding with the ~50% greater
surface-speciﬁc ORR activity. Additionally, the reﬂection at ~35° for the PtCu
diffraction pattern can be assigned to the copper oxide side phase (cf. Section
3.2). Upon acid washing (PtCu AW), the 111 reﬂection shifted to lower angles
and almost coincided with the peaks of Pt3Cu and Pt3Cu AW indicating a loss of
Cu from the alloy phase. This can explain the signiﬁcant decrease in ORR activity
for PtCu upon acid washing and the similar activities for PtCu AW, Pt3Cu and
Pt3Cu AW. At the same time, the diffraction peak corresponding to copper oxide
disappears in the PtCu AW diffraction pattern supporting the observations from
both TEM and XPS. Applying Vegard’s law (cf. Section 3.2) the alloy compositions
were determined to Pt65Cu35 (PtCu), Pt71Cu29 (PtCu AW), Pt75Cu25 (Pt3Cu) and
Pt76Cu24 (Pt3Cu AW). With the exception of PtCu, containing a copper oxide side
phase, these numbers are similar to the initial ICP-OES values (Table 4.1).
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Figure 4.6.: XRD patterns for as-synthesized and acid-washed Pt–Cu aerogels. The shift
of the 111 reﬂection of the acid-washed PtCu aerogel towards lower angles
compared to its pristine counterpart indicates a loss of Cu from the alloy.
Moreover, the CuO signal at 35° was not longer observed for PtCu AW. In
contrast, the Pt3Cu aerogel was not affected.
In order to reveal potential additional reasons for the apparent relation between
ORR activity and Cu content, the local structure of the Pt–Cu aerogels was
analyzed by EXAFS spectroscopy at the Pt L3 (11564eV) and Cu K (8979eV)
edges. Figure 4.7 displays the Fourier-transformed EXAFS at the Cu K edge
for all samples. The spectral shapes are similar with the exception of the PtCu
aerogel, which features a peak at ~1.5Å that can be assigned to Cu–O scattering
contributions from the copper oxide phase observed in TEM images and XPS
spectra. As expected, those contributions disappear for PtCu AW suggesting
that the side phase is removed upon acid washing, which is consistent with the
corresponding TEM, XRD and XPS results.
As a result of the compositional heterogeneity caused by the presence of a Cu
oxide phase, the ﬁtting of the ﬁrst shell EXAFS for PtCu was not successful. For all
three other samples, the results of the simultaneous ﬁrst shell ﬁts at both edges
are summarized in Table 4.2 and the Fourier-transformed EXAFS spectra and
corresponding ﬁts are shown in Figures A.5 and A.5. The coordination numbers
N and bond lengths R for Pt3Cu and Pt3Cu AW were similar, in agreement with
their alike XRD proﬁles and ORR activities.
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Figure 4.7.: Fourier-transformed and k3-weighted EXAFS data of as-synthesized and
acid-washed Pt–Cu aerogels at the Cu K edge in R-space. PtCu is the only
sample that features a peak at ~1.5Å characteristic for M–O scattering,
indicating that copper oxides are removed by acid treatment. Adapted with
permission from Reference 33. Copyright 2017, Elsevier.
Additionally, the Cu content xCu was determined from the ratio of the Pt–Cu and
Cu–Pt coordination numbers (cf. Section 3.4). As discernible from Table 4.1, there
is a close agreement between the compositions deduced from EXAFS and XRD,
thus providing another indication that Pt3Cu and Pt3Cu AW are homogeneous
bimetallic alloys at all spatial scales.12 A more quantitative descriptor of the local
homogeneity (up to ~6Å) of bimetallic nanoparticles is the Cowley short range
order parameter α (cf. Section 3.4). It was ~+0.1 for both samples, which is again
aerogel xCu(ICP-OES) xCu(XRD) xCu(EDX) xCu(EXAFS)
Pt3Cu 0.25 0.25±0.03 0.22±0.07 0.24±0.07
Pt3Cu AW 0.20 0.24±0.01 0.20±0.05 0.23±0.11
PtCu 0.50 0.35±0.05 0.39±0.02 n/a
PtCu AW 0.26 0.29±0.04 0.29±0.03 0.29±0.12
Table 4.1.: Chemical compositions obtained from ICP-OES, XRD, EDX and EXAFS data
of as-synthesized and acid-washed Pt–Cu aerogels. All techniques give
consistent results. The large difference for PtCu between ICP-OES and the
other values can be explained by the presence of CuO. Acid washing causes a
signiﬁcant loss of copper from PtCu aerogels, whereas Pt3Cu is nearly stable.
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gel scattering pair N R/Å σ2/10-3Å2 ΔE0/eV R-factor
Pt3Cu Pt–Pt 7.8±0.7 2.717±0.004 7±1 5.3±0.5 0.017
Pt–Cu 2.1±0.5 2.661±0.010 10±2
Cu–Pt 6.7±0.9 2.661±0.010 10±2
Cu–Cu 3.2±1.4 2.633±0.014 10±4 2.4±0.6
Pt3Cu AW Pt–Pt 7.6±0.8 2.716±0.004 7±1 5.4±0.7 0.016
Pt–Cu 2.1±0.7 2.660±0.013 10±3
Cu–Pt 6.9±2.1 2.660±0.013 10±3
Cu–Cu 3.3±2.6 2.623±0.030 10±8 1.4±1.6
PtCu AW Pt–Pt 7.0±0.9 2.698±0.005 7±1 4.1±0.8 0.025
Pt–Cu 2.8±0.9 2.647±0.013 12±3
Cu–Pt 6.8±1.8 2.647±0.013 12±3
Cu–Cu 3.1±2.0 2.618±0.023 10±6 1.4±1.3
Table 4.2.: Results from simultaneous (Pt L3 and Cu K edges) ﬁrst shell ﬁts of
FT-transformed EXAFS data of Pt3Cu, Pt3Cu AW and PtCu AW aerogels.
Coordination number N, bond length R, Debye-Waller factor (disorder
parameter) σ2, shift of energy ΔE0. R-factor values ≤0.02 indicate a high
quality of the ﬁt. Reprinted with permission from Reference 33. Copyright
2017, Elsevier.
indicative of a homogeneously random alloy99 and similar to the results for Pt–Ni
(Section 3.4) and Pt–Pd aerogels.12
On the other hand, the EXAFS ﬁt for PtCu AW yielded an R-factor that was slightly
larger than 0.02 indicating a lower quality ﬁt.139 In this case, the local bimetallic
composition deviated only slightly from the ICP-OES result (xCu ~26at.% vs.
29at.% from EXAFS) and the Cowley short range order parameter amounted
to ~0. These results point towards a homogeneous alloy99 with a shorter Pt–Pt
bond length than the Pt3Cu samples (2.698Å vs. 2.717Å) that may explain the
slightly higher ORR activity of PtCu AW. Indeed, this well-documented impact
of the Pt–Pt bond length on the ORR activity98,137,140,141 is directly related to
the ’geometric effect’ discussed above, where alloy-induced compressive lattice
strain leads to a weaker adsorption of oxygen intermediates.20 As an example of
this, Kaito et al. have recently presented a linear correlation between Pt–Pt bond
length and ORR activity for alloys of Pt with other transition metals (i.e. Ni, Co,
Cu).98 The ﬁnding that shorter bond lengths are directly related to a higher ORR
activity is in line with our own trend (PtCu AW≥Pt3Cu≥Pt3Cu AW).
Finally, STEM-EDX was used to investigate the local alloy homogeneity and
structure (e.g. formation of core–shell structures136) in contrast to the integral
techniques discussed above (XRD and XAS). Representative combined Cu/Pt el-
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ement maps for all four specimens are shown in Figure 4.8. Their respective
chemical compositions, calculated by averaging the corresponding values ob-
tained from EDX maps of at least ten regions (~150nm2 each) for each sample,
are summarized in Table 4.1. Visually comparing the element maps obtained for
each of the four specimens, no inhomogeneities can be observed. For Pt3Cu and
Pt3Cu AW (Figures 4.8a,b), however, regions with Cu contents of up to ~30at.%
were sporadically found, which explains the rather large error bars in Table
4.1. Taking the Cowley short range order parameters α of ~+0.1 derived from
bulk-sensitive EXAFS into account, these regions are not representative of the
overall sample homogeneity. Nevertheless, occasional variations in the chemical
composition along the nanochains could explain the slightly positive value of α.12
Moreover, no indication was found for the formation of a core–shell-type structure
after acid washing, i.e. a Cu-deﬁcient shell and a Cu-rich core.
PtCu (Figure 4.8c) shows a homogeneous distribution of Pt and Cu atoms in the
EDX map. The average xCu was determined to 39at.% which is slightly lower than
the value of 50at.% derived from ICP-OES, probably due to the presence of Cu
oxides in parts of the sample, while remaining in good agreement with XRD data
(cf. Table 4.1). After acid washing (Figure 4.8d), the homogeneity of PtCu AW is
retained but xCu decreases to 29at.%, again in good agreement with values from
ICP-OES, XRD and EXAFS.
Based on the combined ﬁndings from XRD, STEM-EDX and EXAFS, the main
reason for the difference in the ORR activity for the investigated samples appears
to be the Cu content in the Pt–Cu alloy phase. Therefore, the surface-speciﬁc
ORR activities were plotted vs. the initial alloy phase Cu content derived from
Vegard’s law on the basis of the XRD data in Figure 4.9. In order to extend this
analysis to a wider range of Cu contents, ORR activity values reported for several
Pt–Cu/C catalysts19,98,134,138,142,143 were included, adapted from the customary
value of 0.9VRHE to the 0.95VRHE used in this work by assuming a Tafel slope of
60mVdec−1. Those references were selected carefully following three criteria
to increase comparability. First, the ORR activities were recorded under similar
conditions,144 i.e. in O2-saturated 0.1M HClO4 and using scan rates between 5
and 10mVs-1. Second, the alloy compositions were determined by either XRD or
EDX (which in our case yielded similar results, cf. Table 4.1) and, for alloys with
an initially high Cu-content, they were assessed after voltammetric conditioning.
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Figure 4.8.: STEM-EDX elemental maps of as-synthesized (a) and acid-washed (b) Pt3Cu
as well as as-synthesized (c) and acid-washed (d) PtCu aerogels.
Stoichiometric compositions obtained by quantitative evaluation of at least
ten regions (~150nm2 each) are given at the top of the images. Both
aerogels remain homogeneous alloys after acid-washing, but only PtCu
loses signiﬁcant amount of Cu. Reprinted with permission from Reference
33. Copyright 2017, Elsevier.
Third, only materials with ECSAs below 50m2 gPt−1 were considered to minimize
the inﬂuence of particle size effects on the ORR activity.118
Interestingly, when the Cu range covered by the as-synthesized and acid-washed
aerogels in this work is considered (24–35at.%), an almost linear correlation
between ORR activity and alloy phase Cu content can be found. When considering
additional values from the literature, this correlation still holds true for the
majority of data points, as illustrated by a grey area in Figure 4.9. The strong
deviation from the general trend of the Pt–Cu/C catalysts with xCu ≥35at.%
can be explained by the fact that these correspond to alloys with initial copper
contents ≥50at.% Cu, which were either electrochemically dealloyed142 or acid-
washed134 before their composition and ORR activity were determined, possibly
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Figure 4.9.: Surface-speciﬁc ORR activities at 0.95VRHE (from Figure 4.5 or various
literature sources) vs. Cu content in the alloy phase (from XRD or EDX).
The activity values for Pt–Cu/C catalysts (black symbols) are deduced from
References 19,98,134,138,142,143, assuming a Tafel slope of 60mVdec−1.
The gray area serves as a guide for linear correlation between alloy Cu
content and surface-speciﬁc ORR activity. Reprinted with permission from
Reference 33. Copyright 2017, Elsevier.
leading to non-uniformity of the samples and/or unreliability in the determination
of their composition. Keeping in mind these differences in starting materials and
preparation methods, the general trend points towards the alloy phase Cu content
as the critical parameter determining the catalytic activity of this sort of materials.
The observed correlation can in terms be explained by the d-band center theory,
since an increase in the Cu content leads to a downshift of the d-band center
(with undetermined contributions from geometric and ligand effects). In turn,
this increases the number of free sites for O2 adsorption and thus leads to the
observed enhancement of the ORR activity.16
Beyond these mechanistic considerations, the apparent absence of a protecting
Pt surface layer (i.e. of a core–shell structure) in these Pt–Cu aerogels that could
prevent Cu dissolution may have negative implications for their stability and PEFC
applicability. To assess this possibility, voltammetrically conditioned electrodes of
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Figure 4.10.: Surface-speciﬁc ORR activities of Pt3Cu and PtCu aerogels at 0.95VRHE,
derived from RDE voltammetry measurements in O2-saturated 0.1M
HClO4 performed just after the standard voltammetric pre-conditioning
and following the recording of 100 additional cycles (at 50mVs−1)
between 0.5 and 1.0VRHE. Reprinted with permission from Reference 33.
Copyright 2017, Elsevier.
both alloy compositions were submitted to 100 more potential cycles between 0.5
and 1.0VRHE at 50mVs-1 in 0.1M HClO4. Figure 4.10 displays the effect of this
added step on the aerogels’ surface-speciﬁc ORR activity, which barely changed
for Pt3Cu, but decreased by ~10% for PtCu. This extent of activity loss is likely
related to the initially larger Cu content (and corresponding ORR activity) of this
alloy, unfortunately susceptible to dissolution. This will lead to an increase of the
overpotential contributions related to ORR kinetics and proton transfer along the
catalyst layer upon PEFC implementation.
In summary, the effect of acid washing (a mimic of the low pH in PEFCs) on
the composition, structure and catalytic activity of bimetallic Pt–Cu aerogels
with different Cu contents was studied. The as-synthesized samples consist of
Pt–Cu alloys, along with a copper oxide side phase for the aerogel with a higher
Cu content. Upon acid washing, this oxide was removed and the Cu content
in the alloy phase decreased, but the overall aerogel structure was not altered.
Additionally, as-synthesized Pt–Cu aerogels were tested for ORR activity in RDE
experiments, where they met or even exceeded the US DOE mass-speciﬁc ORR
activity target by up to 30%. Acid-washed specimens showed lower ORR activity.
This could be related to the reduced Cu content in the alloy phase which, in
agreement with previous reports in the literature, is linearly related to the ORR
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activity due to the upshift of the d-band center induced by a decrease of the alloy
Cu content. Most importantly, since the loss of copper upon acid washing reported
here will likely be reproduced during PEFC operation, affecting catalyst activity
and cell performance, aerogels should be submitted to resembling acid-washing
or equivalent voltammetric conditioning steps (seemingly detrimental to their
reactivity) prior to MEA implementation. Thus, in order to retain the outstanding
initial ORR activity of the PtCu aerogel, future work will focus on minimizing Cu
leaching for these materials.
4.3. Implementation of a Pt3Ni aerogel into a
differential fuel cell¶||
RDE measurements are currently the method of choice to screen new catalyst ma-
terials for their ORR activity. They require only small amounts of catalyst material
and they are simple to optimize.145 However, the results cannot be extrapolated
to technical PEFCs. While Gasteiger et al. observed similar performance for a
Pt/C catalysts in RDE and fuel cell experiments,118 most materials show diverging
results (Figure 4.11). They usually do not achieve the high activities measured in
RDE cells.4 Therefore, it is crucial to implement fuel cell tests early in the catalyst
material development process.146
In fuel cells, the catalysts are commonly incorporated in a MEA (Figure 4.12). It
consists of the anode and cathode electrode (containing the ORR and hydrogen
oxidation reaction (HOR) catalysts), each backed with a gas diffusion layer (GDL),
which is usually made from a porous carbon. The proton-conducting membrane is
sandwiched inbetween. There are two ways to prepare a MEA – the electrodes
are either applied directly onto the membrane (creating a catalyst-coated mem-
brane (CCM)) or onto the diffusion medium (creating a catalyst-coated substrate
(CCS)).118
¶Parts of this section have been accepted for publication: Henning, S.; Ishikawa, H.; Kühn, L.;
Herranz, J.; Müller, E.; Eychmüller, A.; Schmidt T. J.; Angewandte Chemie International Edition,
DOI: 10.1002/anie.201704253.
||MEA fabrication and characterization were performed by S. Henning and H. Ishikawa (Electro-
chemistry Laboratory, Paul Scherrer Institut; permanent address H. Ishikawa: Interdisciplinary
Graduate School of Medicine and Engineering, University of Yamanashi).
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Figure 4.11.: Comparison of mass-speciﬁc ORR activites at 0.9VRHE measured in RDE
and fuel cell experiments. Values are taken from References 125,147–149.
The performance in liquid half cells can often not be transferred to the
application in a PEFC. Adapted with permission from Reference 145.
Copyright 2016, The American Association for the Advancement of
Science.
Figure 4.12.: Schematic cross section of a single fuel cell showing the individual
components of a membrane electrode assembly. Adapted with permission
from Reference 4. Copyright 2012, Nature Publishing Group.
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Pt loadings in MEAs are signiﬁcantly higher than on RDEs. State-of-the-art
PEFCs employ 0.05mgPGM cm−2 (platinum group metal (PGM)) at the anode and
0.2mgPGM cm−2 at the cathode,146 whereas RDE measurements typically require
15-30μgPt cm−2. This results in an increased catalyst layer thickness of up to
several tens of μm as opposed to thin layers in the sub-micrometer range, turning
mass transport through the catalyst layer into a critical issue.
Another key factor is the catalyst utilization in the MEA. The solid polymer elec-
trode might not contact all available catalyst surfaces or electrically isolate parts
of the catalyst due to its poor electron conductivity. As a result, the surface area
available for the electrocatalytic reaction is substantially reduced in comparison
to the intrinsic surface area of the catalyst.118
Moreover, hydrogen crossover from the anode can occur in fuel cell systems. The
solubility and diffusivity of H2 in the membrane is low, but ﬁnite. Thus, it can
permeate to the cathode where it is oxidized, appearing as a parasitic H2 oxidation
current. Hydrogen crossover current densities can be determined experimentally
and are in the order of 2–5mAcm−2.118
Especially during operation at high current densities (i.e. high power output),
considerable voltage losses from different sources are observed. The resulting
cell voltage Ecell can be described as follows:150
Ecell = Erev(pH2 , pO2 , T)− iRΩ − ηHOR − iRH+,anode − ηORR − iRH+,cathode − ηtx
(4.2)
where Erev is the thermodynamic equilibrium potential of the H2/O2 cell as a
function of gas partial pressures and temperature, i the current, RΩ the cell
resistance, and RH+,anode and RH+,cathode are ohmic resistances for proton transport
in the respective catalyst layers. ηHOR and ηORR correspond to the anodic and
cathodic kinetic overpotentials and ηtx represents the diffusion overpotential
caused by H2/O2 concentration gradients.
While the cell voltage at low current densities (j ≤0.1Acm−2) is primarily con-
trolled by ηORR, dependent on the intrinsic activity of the catalyst, the impact of
mass transport losses due to limitations in oxygen diffusion becomes dominant
for the high-current-density performance (j>1Acm−2). In summary, these effects
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pose new challenges to catalyst optimization. Not only the composition and elec-
tronic structure of the material determine catalytic performance, but porosity
becomes a much more critical parameter.
In order to test MEAs with Pt3Ni aerogel as cathode catalyst, a special differential
fuel cell setup developed by Oberholzer at al. was used (Figure 4.13).151 This kind
of cell is a small single cell (here A=1cm2) that operates at high stoichiometries,
i.e. a large excess of reactant gas is fed into the cell. This assures a minimal
pressure drop as well as uniform humidity and current across the electrode
plane.150 A differential fuel cell is not intended as a technical device, but a tool to
study various operating parameters at a local scale.152
Figure 4.13.: Scheme of the differential fuel cell setup employed in this study.
Reprinted with permission from Reference 151. Copyright 2012, Elsevier.
Optimized Pt3Ni MEAs showed a performance and mass transport properties
comparable to those of Pt/C (Figure 4.14a). Furthermore, the surface-speciﬁc ORR
activity was 2.5 times higher than that of Pt/C (Figure 4.14c), almost matching
the improvement factor of three observed in RDE experiments (cf. Section 4.1).
To proof the claim that Pt–M aerogels are highly suitable to overcome the stability
issues of carbon-supported ORR catalysts (cf. Chapter 1), optimized Pt3Ni MEAs
were subjected to an accelerated stress test (10000 cycles between 1.0 and
1.5VRHE at 500mVs−1) proposed by the DOE to investigate catalyst support
stability.153 The beginning-of-life (BOL) and end-of-life (EOL) I/E curves in H2/air
in Figure 4.14a illustrate that the performance of the Pt3Ni MEA was maintained
throughout the stress test, whereas Pt/C suffered from severe degradation.
More precisely, the mass-speciﬁc activity at 0.9VRHE decreased by a mere 10% for
Pt3Ni as opposed to a 60% loss for Pt/C (Figure 4.14b) highlighting the stability
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Figure 4.14.: Beginning- and end-of-life I/E curves at 80 ◦C, 100% relative humidity
(RH), in H2/air at 1.5barabs for the accelerated stress test of Pt3Ni and
Pt/C MEAs (a). Mass-speciﬁc (b) and surface-speciﬁc (c) ORR activities at
0.9VRHE as a function of the potential cycles between 1.0 and 1.5VRHE.
The mass-speciﬁc activity of the Pt3Ni aerogel is maintained throughout
the accelerated stress test, whereas Pt/C suffers from severe degradation.
The evolution of the ECSA (measured at 80 ◦C) (d) matches the
development of the mass-speciﬁc activity while the surface-speciﬁc
activity is essentially unchanged, indicating that performance loss of Pt/C
is attributed to particle detachment due to carbon corrosion.
of the Pt3Ni aerogel in the investigated potential range. The development of the
ECSA values measured at 80 ◦C (Figure 4.14d) matched that of the mass activity.
As a result, the surface-speciﬁc activity (Figure 4.14c) remained almost constant
for Pt/C and Pt3Ni suggesting that the catalysts’ particle size does not change
(based on the well-known particle size effect on surface-speciﬁc activity).5,118,154
Therefore, mechanisms like Ostwald ripening and particle coalescence that lead
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to an increase in particle size are not the prevalent degradation cause.155 Instead,
in agreement with previous literature, the performance loss of Pt/C is mainly
attributed to particle detachment due to carbon corrosion.27,155–157
The minor degradation observed for the Pt3Ni aerogel may be caused by metal
dissolution, as the non-noble Ni is expected to leach out of the alloy. This event
can lead to a positive shift of the catalyst’s d-band center, thereby decreasing the
number of free sites for O2 adsorption and the ORR activity as it was observed for
Pt–Cu aerogels in RDE experiments (cf. Section 4.2).
4.4. Conclusion
Electrocatalytic tests in an RDE setup displayed the excellent activity of Pt–Ni and
Pt–Cu aerogels towards the oxygen reduction reaction. Surface-speciﬁc activities
were approximately three times higher than that of a commercial Pt/C benchmark
catalyst. This enhancement was mainly attributed to alloy formation accompanied
by a shift of the Pt d-band center and improved adsorption behavior. Mass-speciﬁc
activites were similar to state-of-the-art dealloyed Pt–M/C catalysts and reached
or exceeded the DOE target for automotive fuel cell applications.
In order to simulate the leaching of the non-noble metal from Pt alloys typically
occurring in PEFCs, Pt–Cu hydrogels with various compositions were subjected
to acid washing in 0.1M HClO4. XRD, XPS, EXAFS and STEM-EDX were ap-
plied to monitor changes in morphology, composition and elemental distribution.
The nanochain morphology was not affected by acid treatment, but (hydr)oxides
present in pristine aerogels were dissolved. The formation of Pt-skeleton struc-
tures and segregation were excluded.
A signiﬁcant decrease in ORR activity was observed for PtCu aerogels, whereas
performance of Pt3Cu aerogels was nearly stable. This effect could be related to
a loss of copper from the alloy phase. In combination with studies on Pt–Cu/C
catalysts from the literature, a linear correlation between Cu content in the alloy
phase and surface-speciﬁc ORR activity was found.
Finally, a Pt3Ni aerogel was incorporated in a membrane electrode assembly to
test the electrocatalytic performance and stability in a differential PEFC. The
performance of an optimized Pt3Ni MEA was comparable to that of a commercial
77
4. Electrocatalytic fuel cell applications
Pt/C catalyst. Similar improvements in surface-speciﬁc activity were found in
RDE and fuel cell experiments. An accelerated stress test demonstrated the
remarkable stability of the Pt3Ni aerogel. Pt/C suffered from a 60% mass-speciﬁc
activity loss due to severe carbon corrosion as opposed to the aerogel which
experienced a mere 10% activity decrease.
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Final conclusion and perspective
The main issues impeding widespread commercialization of polymer electrolyte
fuel cells are insufﬁcient catalytic activity and lacking long-term durability.
Bimetallic Pt alloy aerogels are promising new materials to address both points.
Therefore, a new facile synthesis route for the preparation of Pt–M (M=Ni, Cu,
Co, Fe) aerogels was developed in this thesis. Bimetallic aerogels with nanochain
diameters of as small as 4nm and BET surface areas of up to 60m2 g−1 could be
obtained.
Extensive structure analysis by diffraction, spectroscopic, microscopic and elec-
trochemical techniques showed that both metals are predominantly present in
their metallic state and form homogeneous alloys. However, metal (hydr)oxide
byproducts were observed in aerogels with higher contents of non-precious metal
(>25%). Moreover, electronic and geometric structures are similar to those of
carbon-supported Pt alloy catalysts.
As a result, ORR activites were comparable, too. A threefold improvement in
surface-speciﬁc activity over Pt/C catalysts was achieved. The mass-speciﬁc
activites met or exceeded the DOE target for automotive PEFC applications.
Furthermore, a direct correlation between non-precious metal content in the alloy
and ORR activity was discovered. Aerogels with non-precious metal contents
>25% turned out to be susceptible to dealloying in acid leaching experiments,
but there was no indication for the formation of extended surface structures like
Pt-skeletons.
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A Pt3Ni aerogel was successfully employed as the cathode catalyst layer in a
differential fuel cell (1 cm2), which is a crucial step towards technical application.
This was the ﬁrst time an unsupported metallic aerogel was implemented in a
PEFC. Accelerated stress tests that are usually applied to investigate the support
stability of fuel cell catalysts revealed the excellent stability of Pt3Ni alloyed
aerogels. In summary, the Pt alloy aerogels prepared in the context of this work
have proven to be highly active oxygen reduction catalysts with remarkable
stability.
Further studies should focus on the characterization of the catalyst layers in MEAs.
Focused ion beam (FIB) SEM tomography could be employed to investigate the
porosity of the catalyst layers and be used to assure optimal mass transport.
Details of the degradation mechanism could be analyzed by composition and
morphology characterization. In a next step towards automotive applications, the
aerogels should be tested in a technical fuel cell.
At the same time, synthethic efforts should focus on upscaling. Therefore, the
increase of metal concentration in the reaction solution should be investigated in
more detail in order to avoid the large amounts of solvents which are currently
necessary. Another improvement would be the development of a continuous
process for washing and solvent exchange, as this the most time-consuming
step.
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A.1. Experimental details
A.1.1. Synthesis of Pt–M (M=Ni, Cu, Co, Fe) aerogels
The synthesis procedure is based on the protocol by Liu et al. for the prepara-
tion of PtxPd1–x aerogels.
10 It is a simple co-reduction route in aqueous solution
under ambient conditions (room temperature, air). Brieﬂy, the metal precur-
sors were dissolved in the desired ratio in water (18.2MΩcm, Millipore) and
reduced by NaBH4 (99.99%, Sigma-Aldrich). H2PtCl6 (8wt % in H2O), K2PtCl4
(99.99%), NiCl2 ·6H2O (99.999%), CuCl2 ·2H2O (99.999%), Cu(NO3)2 ·3H2O (≥
98%), CoCl2 ·6H2O (≥ 98%), and Co(NO3)2 ·6H2O (≥ 98%) were obtained from
Sigma-Aldrich. FeCl3 (≥ 97%) was purchased from Fluka, FeSO4·7H2O (ACS
reagent grade) from J.T.Baker. All chemicals were used as purchased.
The standard total metal concentration in the reaction solution was 0.2mM. A
0.1M NaBH4 solution was freshly prepared and injected under vigorous stirring
in a ﬁxed ratio towards the valencies of the metal ions in solution Me+. The
nBH−4 : nMe+ ratio was varied from 0.5 to 2. Upon addition of the reducing agent,
the color of the solution turned immediately from light yellow to dark brown and
gas evolution was observed. The solution was kept stirring for another 30min.
Afterwards, the reaction solution was divided and transferred to 100mL vials.
After several days, black Pt–M hydrogel formed at the bottom of the containers.
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The hydrogel parts obtained from the same synthesis were collected in a small
vial and washed with water. For this, half of the supernatant was removed and
replaced cautiously with fresh water. This step was repeated six times. Afterwards,
the solvent was exchanged stepwise with acetone. Again, half of the supernatant
was removed and replaced by acetone. This step was repeated 11 times. The
resulting anhydrous gels were transferred to a critical point dryer (Critical Point
Dryer 13200J-AB, SPI Supplies) operating with CO2.
A.1.2. Transmission electron microscopy
transmission electron microscopy (TEM) was performed using either a Tecnai G2
20 from FEI equipped with a LaB6 cathode at an accelerating voltage of 200kV, a
Zeiss Libra 200 (200kV) or a Jeol JEM 1400 plus (120kV). TEM specimens were
prepared by drop-casting a dispersion of aerogel in acetone on a copper grid with
a thin Formvar-carbon ﬁlm. For determination of the aerogel nanochain diameter
histogramms, the nanochain diameter was measured at least in 200 different
spots.
In order to prepare specimen for the time series in Section 3.6.1, small aliquots
from the reaction solution were taken and drop-casted on a copper grid with a
holey carbon ﬁlm. Subsequently, the droplet was cautiously dried with ﬁlter paper
from underneath.
A.1.3. Nitrogen physisorption
Nitrogen physisorption isotherms were measured at 77K on a Quantachrome
Autosorb 1C or a Quantachrome NOVA 3000e instrument. About 50mg of the
aerogel were transferred to the measuring cell and degassed at 323K under vac-
uum for at least 24h. Speciﬁc surface areas were calculated using the multipoint
BET equation (0.05< p/p0 <0.2).
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A.1.4. Characterization of bimetallic noble metal aerogels
synthesized by the two-step approach
Preparation of bimetallic noble metal aerogels
Comprehensive instructions on the synthesis of bimetallic aerogels via self-
assembly of monometallic nanoparticles were published by Herrmann et al.31
Brieﬂy, an aqueous solution of a noble metal salt was reduced by NaBH4 in the
presence of citrate ions. The resulting colloidal solutions were concentrated,
mixed and destabilized by mild thermal treatment. Subsequently, the formed
hydrogels were dried supercritically yielding aerogels.
Scanning transmission electron microscopy coupled with
energy-dispersive X-ray spectroscopy (STEM-EDX)
STEM imaging and STEM-EDX analysis were performed using a Cs-probe cor-
rected Titan3 G2 60-300 electron microscope equipped with the ChemiSTEM
technology (high-brightness X-FEG electron source in combination with the Super-
X EDS detector, which consists of four windowless silicon drift detectors). In order
to avoid or at least minimize sample damage or inﬂuence of the measurement on
the elemental distribution, the maps were obtained at an acceleration voltage of
60kV and a beam current of about 400pA. Iterative maps of 512x512 pixels were
recorded with a minimal dwell time per pixel of about 16μs. The quantitative
analysis and background correction were performed by the use of the mapping
tools of the Esprit Software (Bruker Inc.). Resolution of the quantitative maps
is 0.5 (Au–Ag, Au–Pd) or 1.0 (Pt–Pd). For evaluation of the elemental ratios, the
following characteristic X-ray emission lines were used: Au M-series and Ag
L-series for the Au–Ag sample, Au L-series and Pd L-series for the Au–Pd aerogel,
and Pt M-series and Pd L-series in the case of the Pt–Pd aerogel.
Powder X-ray diffraction (XRD) and Rietveld reﬁnement
For XRD, powder samples were ﬁxed as a thin layer on an acetate ﬁlm. Data
were collected in the ﬂat sample transmission mode on a STOE STADI-P powder
diffractometer equipped with a 6° position sensitive detector (PSD) and a Ge(111)-
monochromator. All samples were measured with Co Kα1-radiation (λ=1.78896Å)
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with a step size of Δ2θ=0.01° and a measurement duration of 80 s/step. Structure
reﬁnements were carried out with FullProf in the program package WinPLOTR158
according to the Rietveld method.85,159 For the reﬁnements, structure data were
used in their standardized setting as provided by the Inorganic Crystal Structure
Database.160 For Pd and Au, structure models with the space group Fm-3m were
applied.161 Same space group was assigned to the found AuPd phase.162 The
crystallite sizes were reﬁned according to the Y parameter in proﬁle function
no. 7 (pseudo-Voigt function) in combination with an instrumental resolution ﬁle
measured with a silicon standard.
A.1.5. Powder X-ray diffraction (XRD)
Pt3Ni and Pt1.5Ni aerogels were analyzed in capillary tubes for a total acqui-
sition time of 16h using an X’celerator Phillips expert diffractometer between
2θ=10° and 100°, with a step of 0.03°, using Cu Kα1 monochromatic radiation
(λ=0.15406nm).
XRD measurements of PtNi K4 and Pt–Cu aerogels were performed in reﬂection
mode with a Bruker D2 PHASER operated at a voltage of 30kV and a current of
1mA with Cu Kα radiation.
A.1.6. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy measurements were performed using a VG ES-
CALAB 220iXL spectrometer (Thermo Fischer Scientiﬁc) with an Al Kα monochro-
matic source (1486.7eV) and a magnetic lens system. Binding energies of the
acquired spectra were referenced to the C 1s line at 284.9eV.
A.1.7. X-ray absorption spectroscopy (XAS)32,33
XAS spectra at the Pt L3 and Ni K edges were recorded at the SuperXAS beamline
of the Swiss Light Source (Paul Scherrer Institut, Villigen, Switzerland), whereby
the monochromator energy was calibrated using Pt and Ni foils, respectively.
Measurements were performed ex-situ in transmission mode on pouch bags
made from conductive Kapton tape that were ﬁlled with aerogel powder. The
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quick-EXAFS (QEXAFS) method was used to increase time resolution;163 100 and
600 quick-XAS spectra were recorded at the Pt L3 and Ni K edges, respectively.
These XAS data were ﬁrst analyzed with the JAQ analyzer software which allows
averaging of individual XAS spectra into a single spectrum. Subsequently, Athena
of the Demeter software package was used for normalization and background
subtraction.164 The ﬁt of the EXAFS oscillations was performed with Artemis164
using a face-centered cubic Pt–Ni structure for the paths description. Amplitude
reduction terms were calculated from EXAFS ﬁts of Pt and Ni reference foils
assuming a coordination number of 12 and amounted to S20,Ni=0.97 and S
2
0,Pt=0.85,
respectively.
X-ray absorption spectra at the Pt L3 and Cu K edges were recorded at the
SuperXAS beamline of the Swiss Light Source (Paul Scherrer Institut, Villigen,
Switzerland), whereby the beam current and the energy of the SLS storage ring
were 400mA and 2.4GeV, respectively. All spectra were recorded in transmission
mode using N2-ﬁlled ionization chambers at different gas pressures. A reference
foil was measured simultaneously between the transmitted X-ray intensity and
a third ionization chamber. The polychromatic beam was collimated by a Rh (at
the Pt L3 edge) or Si coated (at the Cu K edge) collimating mirror, respectively.
The mirror was followed by a channel-cut crystal Si (111) monochromator. Fo-
cusing of the beam to a spot of 100μm× 100μm was achieved by a Rh-coated
toroidal mirror, located after the channel-cut monochromator. Measurements
were performed ex-situ on pellets made of aerogel powder and cellulose. The
quick-EXAFS (QEXAFS) method was used to increase time resolution;163 100 and
600 quick-XAS spectra were recorded at the Pt L3 and Cu K edges, respectively,
and were averaged into a single spectrum. Subsequently, normalization and
background subtraction was performed using the Demeter software package.164
The energy units (eV) were then converted to photoelectron wave vector k units
(Å−1) by assigning the photoelectron energy origin, E0, corresponding to k=0, to
the ﬁrst inﬂection point of the absorption edge. The resulting χ(k) functions for
the Pt and Cu edge spectra were weighted with k3 and then Fourier-transformed
to obtain pseudo radial structure functions (RSFs). The ﬁt of the EXAFS spec-
tra was performed with the Demeter Software164 for the R-range 1.5–3.5Å by
using a face-centered cubic Pt–Cu structure for the paths description. In case
of the heterometallic pairs (Pt–Cu and Cu-Pt) in the nearest neighboring of the
adsorbing atoms, atoms of one type were substituted with atoms of the opposite
type. Amplitude reduction terms S20 were calculated from EXAFS ﬁts of Pt and Cu
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reference foils assuming a coordination number of 12 and amounted to S20,Cu=0.87
and S20,Pt=0.81, respectively.
A.1.8. Electrochemical measurements32,33
Electrolyte solutions were prepared from NaOH·H2O pellets (99.995% purity,
TraceSELECT, Sigma Aldrich) or 60% HClO4 (Kanto Chemical Co., Inc.) diluted in
ultrapure water (18.2MΩcm, Elga Purelab Ultra). High purity N2 (5.0), O2 (5.0)
and CO (4.7) were purchased from Messer AG, Switzerland.
The electrochemical measurements in acid were performed in a house-made three
electrode glass cell. A reversible hydrogen electrode was connected to the main
cell compartment through a Luggin cappilary, and a gold mesh (99,99% metals
basis, Alfa Aesar) held in a separate tube in contact with the main cell served
as counter electrode (CE). The working electrode (WE) was a PTFE-made, inter-
changeable rotating ring-disc electrode (RRDE, Pine Research Instrumentation)
equipped with a Pt ring and a mirror-polished, glassy carbon disk insert (5mm
diameter, HTW Hochtemperatur-Werkstoffe GmbH). Before the measurements,
the WE was mounted to a polyetheretherketone (PEEK) shaft that was attached
to a modulated speed rotator (both Pine Research Instrumentation). A Biologic
VSP-300 was used as potentiostat, in combination with the EC-Lab® V10.44 soft-
ware package. The ohmic drop was determined by electrochemical impedance
spectroscopy, applying a 5mV perturbation (100kHz to 1Hz) at 0.45 VRHE.
The setup for measurements in alkaline electrolyte was described in detail in a
previous work.165 In brief, it consisted of a house-made polytetraﬂuoroethylene
(PTFE) cell with a four-necked glass cover. A calomel reference electrode (ALS
Co., Ltd.) was kept in a separated glass holder ﬁlled with electrolyte connected
to the main compartment through a Luggin capillary consisting of a ﬂuorinated
ethylene propylene (FEP) tube closed with a 50μm thick Naﬁon membrane (Ion
Power, New Castle, DE). The setup was completed by a gas bubbler and a gold
mesh counter electrode.
Thin-ﬁlm electrodes were prepared by dispersing catalyst materials in mixtures
of ultrapure water (18.2MΩcm, Elga Purelab Ultra) and isopropanol (99.9%,
Chromasolv Plus® for HPLC, Sigma Aldrich), followed by 10min sonication in
an ultrasonic bath (USC100T, 45kHz, VWR). Fractions of the inks were pipetted
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onto the glassy carbon inset of the rotating ring-disk electrode (RRDE) to obtain
catalyst loadings of 30 and 15μgPt cm−2electrode for Pt–Ni aerogels and Pt–Cu
aerogels, respectively. Subsequently, coatings were dried under a gentle N2
ﬂux.
The mass-speciﬁc and surface-speciﬁc ORR activities at 0.9VRHE were extracted
from anodic sweeps between 0.05 and 1.05VRHE at 5mVs−1 and 1600rpm in
O2-saturated electrolyte after correcting for cell resistance and mass transport
limitations applying the Koutecky-Levich equation.119 The electrochemically ac-
tive surface area (ECSA) was obtained from the hydrogen underpotential de-
position charge in cyclic voltammogramms (CVs) in N2-saturated electrolyte
(at 20mVs−1), assuming a conversion factor of 210μCcm−2Pt.118 The values
reported at 0.95VRHE were extrapolated to 0.9VRHE assuming a Tafel slope of
60mVdec−1.122
A.1.9. Scanning transmission electron microscopy coupled
with energy-dispersive X-ray spectroscopy
(STEM-EDX)
STEM imaging and STEM-EDX analysis of Pt1.5Ni and PtNi–K4 aerogels were
performed using a Cs-probe corrected Titan3 G2 60-300 electron microscope
equipped with the ChemiSTEM technology (high-brightness X-FEG electron source
in combination with the Super-X EDS detector, which consists of four windowless
silicon drift detectors). In order to avoid or at least minimize sample damage
or inﬂuence of the measurement on the elemental distribution, the maps were
obtained at an acceleration voltage of 60kV and a beam current of about 400pA.
Iterative maps of 512× 512 pixels were recorded with a minimal dwell time per
pixel of about 16μs. The quantitative analysis and background correction were
performed by the use of the mapping tools of the Esprit Software (Bruker Inc.).
HAADF-STEM imaging and element mapping based on EDX of the Pt–Cu and
Pt3Ni aerogels were performed at 200kV with a Talos F200X analytical micro-
scope equipped with X-FEG electron source and Super-X detector system (FEI).
Prior to STEM analysis, the specimen mounted in a high-visibility low-background
holder was placed for 2 s into a Model 1020 Plasma Cleaner (Fischione) to re-
move possible organic contamination. Quantiﬁcation of the EDX data including
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Bremsstrahlung background correction based on the physical TEM model, se-
ries ﬁt peak deconvolution, and application of tabulated theoretical Cliff-Lorimer
factors was done for the elements Pt and Cu using the ESPRIT software version
1.9 (Bruker). For at least 10 specimen regions (~150nm2 each) per sample,
integrated EDX spectra were analyzed and the obtained composition values were
averaged.
A.1.10. Membrane electrode assembly (MEA) fabrication*
MEAs were fabricated using Pt3Ni aerogel or Pt/C (47wt %, TKK, TEC10E50E)
as the cathode catalyst (with loadings of 0.3–0.4mgPt/cm2MEA), Naﬁon XL 100
(DuPont) as the membrane and commercial gas diffusion electrodes (Johnson
Matthey, 0.4mgPt/cm2geom HISPEC 9100 Pt/HAS on Sigracet GDL 25 BC) as the
anode.
Optimized Pt3Ni electrodes were prepared by mixing 5mg of catalyst, 0.7mg of
K2CO3 (99.995% trace metals basis, Sigma Aldrich), 18mg of Na
+-exchanged
Naﬁon solution (Naﬁon 1100EW, Sigma Aldrich, prepared from a 1:2 mixture
of 0.1M NaOH and Naﬁon solution,166 and equal to a Naﬁon-to-catalyst-ratio
of 0.12) and 1.0mL of a 8wt % aqueous isopropanol solution (ultrapure water,
18.2MΩcm, Elga Purelab Ultra and isopropanol, 99.9%, Chromasolv Plus® for
HPLC, Sigma Aldrich). Na+-exchanged Naﬁon was selected to avoid acidic condi-
tions before the acid washing step. After ultrasonication (USC100T, 45kHz, VWR)
for 30min, the ink was applied on the membrane by spray coating, using a frame
to conﬁne the coating to the active area of 1cm2. The resulting catalyst coated
membranes (CCMs) were immersed into 1M H2SO4 solution (96%, Suprapur,
Merck) overnight (~16h), followed by rinsing with ultrapure water and drying
under ambient conditions.
For Pt/C cathodes, 50mg of catalyst was mixed with 500mg of 5wt % Naﬁon
solution (equal to a Naﬁon to carbon-ratio of 1.0) and 4.5mL of a 20wt % aqueous
isopropanol solution, followed by ultrasonication and spray coating.
*This section is part of a manuscript accepted for publication: Henning, S.; Ishikawa, H.; Kühn,
L.; Herranz, J.; Müller, E.; Eychmüller, A.; Schmidt T. J.; Angewandte Chemie International
Edition, DOI: 10.1002/anie.201704253.
L
A.1 Experimental details
In a last step, the CCMs were hotpressed at 120 ◦C and 1bar/cm2geom for 5
minutes with a gas diffusion layer (GDL 25 BC, Sigracet) and a commercial gas
diffusion electrode (see above) on the cathode and anode side, respectively.
A.1.11. MEA characterization†
The fabricated MEAs were placed in a differential fuel cell that allows studying
the MEA under homogeneous, well-deﬁned conditions in the absence of along-the-
channel effects such as changing temperature, RH and gas concentration.152 The
cell used for this study was developed inhouse, featuring ﬁve parallel channels
of 1mm width over an active area of 1cm2.167 Using steel spacers with deﬁned
thickness, cell compression was set such that ~25% compression of the gas
diffusion media was obtained.151,167
The MEA break-in used for the I/E curves in Figure 4.14a was done in H2/O2 at
1.5barabs and a relative humidity of 100% between 25 and 80 ◦C for 2 hours (ﬂow
rates anode/cathode: 300/750mLmin−1),168 stoichiometries ≥30/≥30), drawing
the maximum current that would yield cell potentials >0.6V. Afterwards, the
cell was cooled down and the procedure was repeated once. It must be noted
here that even as the applied stoichiometry ratios are signiﬁcantly higher than
for technical cells, the gas ﬂow velocities remain in the same order of magnitude
due to the reduced size of the device.152
CVs were measured after break-in at 25 ◦C and 100% RH, scanning the potential
between 0.075 and 1.0VRHE at 50mVs−1 with a H2 anode ﬂow rate of 50mLmin
−1
and the N2 cathode ﬂow halted just prior to the measurement. The corresponding
ECSA value was averaged from the H adsorption and H desorption charges be-
tween 0.075 and 0.4VRHE after double layer correction, assuming a conversion
factor of 210μCcm−2Pt.118 H2 crossover tests were conducted by a linear poten-
tial sweep from 0.6 to 0.1VRHE with a scan rate of 1mVs−1 at 80 ◦C, 100% RH,
1.5barabs, an anode H2 ﬂow rate of 300mLmin
−1 and a cathode N2 ﬂow rate of
750mLmin−1, respectively.169 The H2 crossover current densities in this study
typically amounted to ~2mA/cm2MEA.
†This section is part of a manuscript accepted for publication: Henning, S.; Ishikawa, H.; Kühn,
L.; Herranz, J.; Müller, E.; Eychmüller, A.; Schmidt T. J.; Angewandte Chemie International
Edition, DOI: 10.1002/anie.201704253.
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All I/E curves were recorded at 80 ◦C and 100% RH with anode/cathode ﬂow rates
of 300/750mLmin−1 (stoichiometries ≥30/≥30) at 1.5barabs for either H2/O2 or
H2/air, using a Biologic VSP-300 potentiostat with a 10A/5V current booster. The
measurement was done galvanostatically, whereby the cell current was stabilized
for 3 minutes at each data point and the data was averaged from the last 2
minutes. Concomitantly, the cell resistance (RΩ, cf. below) was determined
for each data point by galvanostatic electrochemical impedance spectroscopy
(1MHz to 1Hz). Mass- and surface-speciﬁc activites for H2/O2 operation were
extracted at 0.9VRHE after correcting potential and current for cell resistance
and H2 crossover, respectively.
The accelerated stress test was performed by cycling the potential 10000 times
between 1.0 and 1.5VRHE at 500mVs−1 at 80 ◦C, 100% RH, ambient pressure,
anode H2 ﬂow of 100mLmin
−1 and cathode N2 ﬂow of 100mLmin
−1, respectively.
At designated times (1000, 5000 cycles), the stress test was interrupted to record
I/E curves and CVs (cf. above) to determine the ECSA.
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A.2 STEM-EDX elemental maps of bimetallic noble metal aerogels
A.2. STEM-EDX elemental maps of bimetallic
noble metal aerogels
(a)
at.% Au at.% Ag
1 33.2 66.8
2 43.9 56.1
3 70.4 29.6
4 35.3 64.7
5 26.2 73.8
6 28.5 71.5
(b)
Figure A.1.: STEM-EDX elemental map of a AuAg aerogel. The elemental compositions
of the areas marked in (a) are given in the corresponding table (b).
Reprinted with permission from Reference 47. Copyright 2016,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(a)
at.% Pt at.% Pd
1 1.1 98.9
2 65.3 34.7
3 0.5 99.5
4 56.4 43.6
(b)
Figure A.2.: STEM-EDX elemental map of a PtPd aerogel. The elemental compositions
of the areas marked in (a) are given in the corresponding table (b).
Reprinted with permission from Reference 47. Copyright 2016,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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(a)
at.% Au at.% Pd
1 74.6 25.4
2 74.4 25.6
3 76.8 23.2
4 34.2 65.8
5 2.6 97.4
6 4.6 95.4
(b)
Figure A.3.: STEM-EDX elemental map of a pristine AuPd aerogel. The elemental
compositions of the areas marked in (a) are given in the corresponding
table (b). Reprinted with permission from Reference 47. Copyright 2016,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(a)
at.% Au at.% Pd
1 75.5 23.2
2 5.1 94.4
3 4.4 95.4
4 80.2 18.8
5 32.7 66.7
6 57.3 41.4
7 44.5 55.5
8 48.2 51.4
(b)
Figure A.4.: STEM-EDX elemental map of a AuPd aerogel treated at 300 ◦C for 30min.
The elemental compositions of the areas marked in (a) are given in the
corresponding table (b). Reprinted with permission from Reference 47.
Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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A.3. EXAFS ﬁts and experimental data of Pt–Ni
and Pt–Cu aerogels
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(b) Pt3Ni
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(c) Pt3Cu
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(d) Pt3Cu
Figure A.5.: EXAFS ﬁts and experimental data (k3-weighted) in R-space (uncorrected
for phase shifts) for Pt3Ni (a, b), Pt3Cu (c, d), Pt3Cu AW (e,f) and
PtCu AW (g,h) aerogels at the Pt L3 and Cu K edge. Images (a) and (b)
are adapted from Reference 32. Images (c)–(h) are adapted with
permission from Reference 33. Copyright 2017, Elsevier.
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(e) Pt3Cu-AW
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(f) Pt3Cu-AW
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(g) PtCu AW
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Figure A.5.: EXAFS ﬁts and experimental data (k3-weighted) in R-space (uncorrected
for phase shifts) for Pt3Ni (a, b), Pt3Cu (c, d), Pt3Cu AW (e,f) and
PtCu AW (g,h) aerogels at the Pt L3 and Cu K edge. Images (a) and (b)
are adapted from Reference 32. Images (c)–(h) are adapted with
permission from Reference 33. Copyright 2017, Elsevier.
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